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Vedder Mountain lies in Washington state and British Columbia on 
the western flank of the North Cascades. Metamorphic rocks, which 
comprise most of the western half of the mountain, can be divided into 
two separate and distinct units. The southern unit is composed of 
foliated and non-foliated hornblende-plagioclase gabbro with minor 
serpentinite and pyroxenite. Most of the gabbroic rocks are sheared 
and altered and exhibit a lower greenschist facies metamorphism 
overprinted by a subsequent prehnite-pumpellyite facies metamorphism. 
Whole-rock chemical analyses of the gabbros plot in and near the 
fields defined by oceanic gabbro (Engel and Fisher, 1969; Miyashiro et al, 
1970; Thompson, 1973), California ophiolite gabbro (Bailey and Blake,
1974) and Turtleback gabbro from Fidalgo Island (Brown al_, 1977).
The northern unit is composed of albite-epidote amphibolites, barroisite 
schists, actinolite schists and graphitic-pelitic phyllites and 
schists. These rocks lack a prehnite-pumpellyite facies overprinting, 
and metamorphic mineral assemblages and mineral compositions are 
similar to those found in high pressure rocks of the Sanbagawa 
crystalline schist terrane of Sikoku, Japan (Iwasaki, 1963; Banno,
1964, and personal communication, 1976; Kanehira, 1967). Although the 
rocks comprising the northern metamorphic unit have been thought to be 
part of the pre-Middle Devonian Yellow Aster-Turtleback Complex 
(Misch, 1966), they appear strikingly similar to and could be high- 
grade equivalents of the Shuksan Greenschist/Blueschist and Darrington 
Phyllite units which comprise the Shuksan Metamorphic Suite found to the 
south in the North Cascades of Washington. Radiometric ages obtained
1
by Dr. Richard Armstrong (personal communication, 1976) on northern 
unit muscovites, hornblendes and whole-rock samples are the same as 
the Late Permian-Early Triassic radiometric age of Shuksan 
metamorphism (Misch, 1966).
Whole-rock chemical analyses of northern unit metabasites and 
the Shuksan Greenschist/Blueschist indicate that both units were 
derived from basaltic parent material. Analyses of the former cluster 
tightly, and plots of the analyses demonstrate that the basalts were 
tholeiitic. Analyses of Shuksan Greenschist/Blueschist show that 
the rocks have a diverse chemistry and could also be tholeiitic. 
Graphitic-pelitic phyllites and schists of the northern unit are 
chemically similar to samples from the Darrington Phyllite.
Critical mineral assemblages of the northern metamorphic unit
are adjacent or in close proximity to one another. This fact
indicates that the variation in the bulk-rock chemical composition,
rather than variation in the P-T conditions of metamorphism, accounts
for the observed variation in assemblages. The following reaction
3+has been defined for Fe -poor epidote amphibolite:
.233 quartz + 1.069 chlorite + 2.663 albite + 1.000 epidote =
1.118 hornblende + 1.908 paragonite + .207 garnet + 1.750 H2O + .143 Fe202
Conditions of metamorphism in the northern metamorphic unit are 
unknown but are believed to have been close to those in the Sanbagawa 
schists. Although the pressures of metamorphism in the northern unit 
and the Shuksan Metamorphic Suite are believed to have been similar, 
temperatures in the former were probably higher, as indicated by 
greater Al^'^ values of northern unit amphiboles. This means that if
2
the rocks comprising the northern metamorphic unit are equivalents of 
the Shuksan Metamorphic Suite, then they are higher grade equivalents.
3
INTRODUCTION
Vedder Mountain is on the western flank of the North Cascades, 
approximately 9 km east of Sumas, Washington. It lies diagonally 
across the U.S.-Canadian International Boundary and trends N45°E, 
with 13 of its 19 km of length extending into British Columbia (Fig. 1).
Crystalline metamorphic rocks and a small section of sedimentary 
rocks comprise the northwestern half of the mountain, and a section 
of sedimentary rocks makes up the southeastern half. All of the 
crystalline rocks in the study area are in British Columbia (Fig. 1).
Daly (1912) first mapped and described Vedder Mountain in his 
survey of the geology of the North American Cordillera along the 
49th parallel. He considered the crystalline rocks to comprise an 
altered igneous sill which he included as part of the Carboniferous 
or later Chilliwack Group along with the eastern and western 
sedimentary rocks. He named the sill the "Vedder Greenstone" and 
believed that it intruded the sedimentary sequence. Crickmay (1930) 
interpreted the crystalline rocks to be altered volcanics of Triassic 
age conformably underlying the eastern sedimentary rocks which he 
relegated to the Triassic Slollicum Series.
Misch (1966) concluded that the rocks are a "metamorphic-plutonic 
complex with lithologies resembling those present in the type pre-Middle 
Devonian Yellow Aster Complex." The Yellow Aster Complex is composed 
of klippen which occur as isolated tectonic slivers of basement 
material found to the south in the North Cascades of Washington. Misch 
(1966) believes that these klippen have been brought up from depth along 
































along the sole of the Shuksan thrust plate. In contrast to these 
allochthonous basement slices associated with the Shuksan thrust plate, 
Misch (1966) considers the crystalline complex of Vedder Mountain to 
be "an autochthonous fault wedge thrust up to the northwest", i.e., 
Vedder Mountain sits north of the apex of the Shuksan Thrust in an 
outer autochthonous belt which participates in the arc of Misch's 
"mid-Cretaceous Northwest Cascade System" (Fig. 2 after Misch, 1966).
In 1959, Moen (1962), working in the Van Zandt quadrangle of 
Washington state, mapped the southern portion of Vedder Mountain. He 
correlated the crystalline rocks with tne pre-Middle Devonian Turtleback 
Complex which occurs as upthrust slices of basement found in the San 
Juan Islands. He correlated the extension of the eastern sedimentary 
rocks with the Chilliwack Group. McMillan (1966) mapped Vedder 
Mountain in a Master's thesis at the University of British Columbia.
He inferred that the crystalline rocks are part of the pre-Middle 
Devonian Yellow Aster-Turtleback Complex and assigned the eastern 
sedimentary rocks a post-Devonian (?) age. McMillan mapped two units 
in the crystalline complex, metadiorites and amphibolites, and suggested 
that the former had intruded the latter. Figure 3 shows most of the 
existing geologic knowledge of the area of investigation.
Petrclogically, the crystalline complex rocks consist of two 
separate and distinct units, one to the southwest and the other to the 
northeast. Due to the lack of exposure, the nature of the contact 
between the two units is uncertain. The southern unit is a meta-igneous 
complex of foliated and non-foliated gabbro and quartz gabbro, with 







































































































































sheared and altered and exhibit a lower greenschist facies metamorphism 
overprinted by a later prehnite-pumpellyite facies metamorphism. The 
northern unit consists of high pressure metamorphic rocks composed of 
four major types: 1) albite-epidote amphibolite schists, 2) sodic-
subcalcic hornblende (barroisite) schists, 3) actinolitic schists, and 
4) subordinate, intercalated, graphitic quartz-garnet-mica-chlorite 
phyllites and schists. These rocks lack a prehnite-pumpellyite facies 
overprinting, and metamorphic mineral assemblages are similar to those 
found in high pressure rocks of the Sanbagawa Crystalline Schist Belt 
of Sikoku, Japan (Iwasaki, 1963; Banno, 1964; Kanehira, 1967). Although 
the rocks of the northern unit have been thought to be part of the 
pre-Middle Devonian Yellow Aster-Turtleback Complex (Misch, 1966), they 
appear strikingly similar to and could be high-grade equivalents of 
the Shuksan Greenschist/Blueschist and Barrington Phyllite units which 
comprise the Shuksan Metamorphic Suite found to the south in the North 
Cascades of Washington.
PURPOSE OF THE STUDY
The purpose of this study is threefold: 1) to explore the
possibility that the northern unit amphibolites of Vedder Mountain, 
previously thought to be part of the pre-Middle Devonian Yellow Aster- 
Turtleback Complex (Misch, 1966), may instead be a high-grade equivalent 
of the Shuksan Metamorphic Suite; 2) to test the hypothesis that the 
gabbros of Vedder Mountain are correlative with the Yellow Aster- 
Turtleback Complex; and 3) to define the phase relationships of the 
high pressure metamorphic rocks in the amphibolite unit, which will
9
lead to a better understanding of the formation and metamorphism of 
similar rocks in other parts of the world.
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I AGE OF THE CRYSTALLINE ROCKS
Age of Metamorphism of Northern 
Vedder Mountain Crystallines
Table 1 lists K/Ar and Rb/Sr radiometric ages obtained by Dr. 
Richard Armstrong (personal conmiunication, 1976), University of British 
Columbia, on muscovite, hornblende and whole-rock samples from albite- 
epidote amphibolites and graphitic phyllites and schists of the northern 
metamorphic unit at Vedder Mountain. Also listed in Table 1 as a 
comparison with the Vedder Mountain dates are those from Misch (1966) 
and Dr. Richard Armstrong (personal communication, 1976) on the Shuksan 
Greenschist/Blueschist and Darrington Phyllite.
The localities of the dated Vedder Mountain specimens are shown 
in Figure 3 along with the localities of all the analyzed rocks in the 
study area.
Table 1, nos. 1 and 2 show that K/Ar ages on Vedder Mountain 
muscovites and hornblende range from 233 + 8 m.y. to 239 + 10 m.y. and 
indicate a Late Perniian-Early Triassic age of metamorphism. Isochrons 
based on Rb/Sr in whole-rock and muscovite samples give ages of 
250 + 10 m.y. and 262 + 10 m.y. (Table 1, no. 2) indicating a Late 
Permian age of metamorphism. These dates support a correlation with 
the regional metamorphism affecting the Shuksan Metamorphic Suite 
because K/Ar dates on Shuksan crossite and crossite schist indicate a 
Late Permian minimum age (Misch, 1966 and Table 1, no. 3). In addition 
to radiometric ages on the Shuksan, geologic evidence put forward by 
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Three samples of Darrington Phyllite analyzed by Kulp (Misch, 1966) 
and Table 1, no. 5) gave mid-Cretaceous K/Ar whole rock ages. Because 
the major component of these rocks is muscovite, Misch (1966) considers 
these ages to be essentially muscovite ages. Since both the Darrington 
Phyllite and the Shuksan Greenschist/Blueschist are products of 
synkinematic Shuksan Metamorphism (Misch, 1966), the discrepancy 
between the mid-Cretaceous age of the phyllites and the Late Permian 
minimum age of Shuksan Metamorphism must be explained. Misch interprets 
the Darrington muscovite ages as representing a resetting of the 
radiometric clock as a result of post-metamorphic deformation during 
Shuksan thrusting. Specimens of Shuksan muscovite schist and Finney 
Creek graphitic schist analyzed by Dr. Richard Armstrong (personal 
communication, 1976, and Table 1, no. 4) also give mid-Cretaceous K/Ar 
and Rb/Sr ages. Again, because muscovite is the major component in 
these rocks, it seems possible that these micas also reflect resetting 
due to mid-Cretaceous Shuksan thrusting.
Related to the above information is the fact that a discrepancy 
in age exists between the believed correlative Vedder Mountain 
graphitic-pelitic phyllites and schists (Table 1, no. 2) and the 
Darrington Phyllite (Table 1, nos. 4 and 5). This discrepancy can be 
explained by the tectonic setting in which the rocks are believed to 
have been emplaced as described by Misch (1966). Misch contends that 
the crystalline wedge of Vedder Mountain is not an allochthonous 
basement slice associated with the Shuksan Thrust, but rather is 
autochthonous and sits north of the apex of the thrust, i.e., in "an 
outer autochthonous belt which participates in the arc" created by the
15
structural mid-Cretaceous Northwest Cascade System (Misch, 1966 and 
Fig. 2). Thus, if the Vedder Mountain graphitic-pelitic phyllites 
and schists are high-grade equivalents of the Carrington Phyllite, 
their difference in radiometric age could be explained by their 
different structural history: the Vedder Mountain graphitic schists
are autochthonous, did not take place in Shuksan thrusting and 
therefore reflect the original age of Shuksan Metamorphism, while 
the allochthonous Carrington Phyllite was reset as a result of mid- 
Cretaceous Shuksan thrusting.
As suggested by Mattinson (1972), it is noteworthy that Shuksan 
Metamorphism may have been synchronous with the crystallization of the 
plutonic and gneissic rocks of the Marblemount belt (Marblemount Meta- 
Quartz Ciorite and Cumbell Mountain plutons). As listed in Table 2, 
zircons from these rocks and from the younger gneissic rocks of the 
Holden area all yield Late Permian-Early Triassic ages. Specifically, 
Mattinson (1972) has shown that "all of the Marblemount belt rocks 
yield remarkably consistent Pb^^^/U^^^ ages of about 220 m.y."
(Table 2, no. 1).
Amphibolites, lithologically and petrographically identical to 
those of the northern metamorphic unit at Vedder Mountain, crop out 
between Warm Creek and Wallace Creek along the northeast side of the 
Nooksack River Middle Fork. These rocks have been reported by Misch 
(personal communication, 1976) and studied by R. A. Nichols and 
myself. Although these rocks are shown on the Washington state 
geologic map as a klippe of pre-Middle Devonian basement (Huntting 
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and could reflect the same age of metamorphism as the Vedder Mountain 
amphibolites.
Age of Southern Vedder Mountain Crystallines
Altered directionless to gneissic gabbroic and quartz gabbroic 
rocks which comprise the southern crystalline unit of Vedder Mountain 
(Figs. 1 and 2) are believed to be equivalent in age to certain 
portions of the pre-Middle Devonian Yellow Aster-Turtleback Complex 
(Moen, 1962; McMillan, 1966; Misch, 1966). Radiometric ages of 
zircons obtained by Mattinson (1972) from Yellow Aster-Turtleback 
Complex rocks range from 1,452 to 2,000 m.y. for the older pyroxene 
gneiss of the Yellow Aster Complex to about 460 m.y. for quartz diorites 
of the Turtleback Complex of the San Juan Islands and younger 
orthogneiss of the Yellow Aster Complex. Mattinson believes these 
latter two rock units are cogenetic and were subsequently metamorphosed 
at about 415 m.y. Whetten et al_ (1976) obtained a K/Ar age on 
hornblende from a Turtleback pegmatite of 545 + 16 m.y. and U/Pb ages 
of 170 + 10 m.y. on zircons from hornblende-plagioclase diorite on 
Blakely Island and plagioclase-quartz porphyry on Fidalgo Island.
Dates on these latter two rocks suggest that some of the rocks of the 
San Juan Islands, previously thought to be part of the pre-Middle 
Devonian Turtleback Complex, are instead part of a Middle-Late 
Jurassic ophiolite (Whetten et 1976). Because no dates were 
obtained on Vedder Mountain gabbros, and because, as the above dates 
suggest, the Yellow Aster-Turtleback Complex appears to be composed of 
various segments, it is impossible to correlate with any certainty the 
gabbros at Vedder Mountain with any single portion of the Yellow
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Aster-Turtleback Complex. However, Vedder Mountain gabbros appear 
lithologically and petrographically identical to, and display the same 
type and degree of metamorphism and alteration as, rocks from Yellow 
Aster klippen studied by myself and located north of the town of 
Glacier, and near Wanlick Pass, North Cascades, Washington.
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II PETROLOGY OF THE AMPHIBOLITE UNIT 
Whole-Rock Chemical Composition
Introduction
This section presents data on the chemical composition of rocks 
of the northern metamorphic unit at Vedder Mountain and from the 
Shuksan Metamorphic Suite. The purpose is twofold: 1) to compare the 
Vedder Mountain amphibolites and Shuksan Greenschist/Blueschist with 
chemical trends of igneous rocks in order to establish the nature of 
the original igneous rock suites, and 2) to delineate any chemical 
similarities or differences between the Vedder Mountain and Shuksan 
suite units to test the possibility of correlation of the units. One 
uncertainty of this approach is that there is no way of evaluating the 
change in the original composition of the rocks as a result of 
metamorphism.
Method of Investigation
Whole-rock chemical analyses were obtained by X-ray fluorescence 
methods on an EDAX-EXAM, Model 704, energy dispersive spectrophotometer. 
The following elements were determined: Si, A1, total Fe, Mg, Ca, K,
Na and Ti. Accuracy of the technique is considered to be within 
+ 3 percent of the amount present for all elements except Na and Mg 
which are + 10 percent. Standard curves for Vedder Mountain 
amphibolite and Shuksan Greenschist/Blueschist analyses were established 
using standards BCR, W-1, AGV, GSP, JBl, JGl, BR, ZGI-BM, ZGI-GM and 
NIM-N (Flanagan, 1973). Standard curves for Vedder Mountain graphitic 
phyllite and schist and Barrington Phyllite analyses were established 
using standards GSP, Gl, JBl, JGl, GH, GA, ABI-GM and NIM-G (Flanagan,
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1973). FeO in the amphibolites was determined by the meta-vanadate 
method of Peters (1968). Fe202 values represent the difference between
total iron determined by X-ray fluorescence and FeO. Separate 
determinations of FeO were not carried out on the Shuksan suite rocks 
and Vedder Mountain graphitic phyllites and schists. The Fe20^ content 
of these rocks was determined solely by X-ray fluorescence.
Discussion
Whole-rock analyses and cation norms of Vedder Mountain 
amphibolites are listed in Table 3. Table 4 lists whole-rock chemical 
analyses of samples from the Shuksan Greenschist/Blueschist. Samples 
listed in both tables are representative of their respective rock 
units.
Analyses of the amphibolites (Table 3) show that the rocks are 
relatively uniform in composition and appear to have been derived from 
a basaltic parent. No relict igneous minerals or textures were found 
in any of the rocks studied. All of the rocks contain relatively low 
Ti02 and Al202> and except for sample 33-VM41A, all have low K2O 
content. A review of the chemistry of the Shuksan rocks (Table 4) 
reveals that they also appear to have been derived from a basaltic 
parent. However, unlike the Vedder Mountain rocks, their chemical 
composition is diverse.
Cation norms listed in Table 3 indicate that, excluding sample 
33-VM41A which has normative nepheline, Vedder Mountain amphibolites 
have either normative quartz or olivine and would be classified as 
saturated and undersaturated tholeiites respectively (Yoder and Tilley, 
1962). A plot of the norms is given in Figure 4, a Ne-Ol-Di-Hy-Qz
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TABLE 3. Chemical analyses and cation norms of 
amphibolites from Vedder Mountain 
(all samples are prefixed 33-VM).
12A 14B 17A 18B 20A 22D
Si02 48.96 48.93 50.96 54.79 50.09 52.57
AUO. 13.52 12.15 12.03 10.40 12.53 10.89
Ti02 1.17 1.18 1.32 1.66 1.52 1.27
^®2^3 6.47 2.53 6.03 5.59 5.37 .58
FeO 5.75 8.76 5.67 6.73 7.11 11.05
MgO 8.36 11.05 9.07 8.41 8.37 10.44
MnO .20 .17 .19 .22 .18 .23
CaO 11.15 10.09 11.21 7.96 10.50 9.52
Na20 2.51 2.26 1.52 3.80 2.30 .76
K2O .40 .29 .41 .17 .87 .22
Total 98.49 97.41 98.41 99.73 98.84 97.53
FeO* 11.57 11.03 11.09 11.76 11.94 11.57
FeO*/MgO 1.38 1.00 1.22 1.40 1.43 1.11
Qz 1.41 - 7.68 5.78 2.02 7.47
Or 2.42 1.73 2.50 1.01 5.26 1.35
Ab 23.08 20.55 14.09 34.44 21.15 7.10
An 25.04 22.44 25.60 10.92 21.81 26.70
Ne - - - - - -
Di 25.30 26.63 25.46 23.15 25.23 17.96
Hy 14.15 12.81 16.26 16.47 16.62 36.94
01 - 11.50 - - - -
Mt 6.93 2.68 6.51 5.90 5.75 .63
11 1.67 1.66 1.90 2.33 2.17 1.84
Total 100.00 100.00 100.00 100.00 100.01 99.99
FeO* = total iron converted to FeO
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TABLE 3 (contd.). Chemical analyses and cation
norms of amphibolites from Vedder Mountain 
(all samples are prefixed 33-VM).
24Ei 25A 39A 41A 42A 43A 53A
SiO^ 49.79 50.05 48.32 48.10 49.87 50.53 52.89
AlpO^ 12.51 11.86 11.98 13.62 12.92 12.83 11.42
TiOp .99 .86 1.58 .70 1.05 1.29 1.36
Fe^O^ 1.78 3.34 5.51 2.43 5.24 4.63 5.44
FeO 8.84 5.54 7.28 6.63 4.44 6.29 6.54
MgO 12.06 11.48 7.89 14.83 8.60 11.14 7.85
MnO .17 .15 .20 .17 .15 .18 .19
CaO 11.16 12.97 11.30 10.73 13.59 8.06 9.99
Na20 2.01 2.09 2.34 .21 2.56 4.61 2.63
K2O .33 .27 .55 1.92 .20 .37 .39
Total 99.64 98.61 96.95 99.34 98.62 99.93 98.70
FeO* 10.44 8.54 12.23 8.81 9.15 10.45 11.43
FeO*/MgO .87 .74 1.55 .59 1.06 .94 1.46
Qz 1.26 - .71 - 6.86
Or 1.94 1.60 3.40 11.27 1.20 2.14 2.37
Ab 17.98 18.87 21.99 1.87 23.35 36.64 24.26
An 24.05 22.31 21.53 30.36 23.55 12.96 18.70
Ne - - - - - 2.36 -
Di 24.89 33.93 29.73 18.03 35.97 20.99 25.77
Hy 15.71 13.56 13.75 21.41 8.17 - 14.25
01 12.22 5.01 - 13.56 - 18.41 -
Mt 1.85 3.51 6.03 2.52 5.57 4.74 5.84
11 1.37 1.20 2.30 .97 1.49 1.76 1.95
Total 100.01 99.99 99.99 99.99 100.01 100.00 100.00
FeO* = total iron converted to FeO
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TABLE 4. Chemical analyses of Shuksan 
Greenschist/Blueschist, North Cascades, Washington.
55-49b 16B 55-89B 2-40d 2Sh-4b 2-75B
Si02 52.36 51.66 45.37 48.26 48.38 48.78
AI2O3 12.50 10.54 17.01 13.55 14.15 11.71
Ti02
2.10 2.27 1.73 1.99 1.57 1.13
12.57 15.52 13.69
12.01 11.87 11.79
MgO 9.11 6.67 7.56 10.54 7.84 11.56
MnO .23 .24
.22 .24 .20 .19
CaO 5.39 10.05 9.43 7.80 11.07 10.06
Na20 5.05 3.44
.20 2.98 1.72 6.97
K2O 1.04 .27 2.57 .84 .65 .43
Total 100.35
100.66 97.78 98.21 97.45 102.62
FeO*/MgO 1.24 2.09 1.63
1.02 1.36 .92
FeO* 11.30 13.95 12.31 10.80 10.67 10.60
Lithology BS BS GS GS GS GS
BS = Blueschist 
GS = Greenschist
FeO* = total iron converted to FeO
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TABLE 4 (contd.)* Chemical analyses of Shuksan 
Greenschist/Blueschist, North Cascades, Washington.
55-44C 55-24A Bid 55-108A 2-67E
Si02 45.71 50.28 50.05 46.86 45.26
AI2O3 13.02 12.44 13.95 9.04 10.27
Ti02 1.22
2.21 1.26 2.38 3.15
9.46
12.00 13.47 19.61 17.19
MgO 9.61 9.59 • 7.58 5.27 6.15
MnO .18
.22 .12 .19 .28
CaO 11.23 5.38 5.02 7.56 9.73
Na20 2.73 4.38 3.56 3.48 .37
K2O .37
.21 2.76 .47 .71
Total 93.53 96.71 97.77 94.06 93.11
FeOVMgO .88
1.12 1.60 3.35 2.51
FeO* 8.50 10.79
12.11 17.63 15.45
Lithology GS BS BS BS GS
BS = Blueschist 
GS = Greenschist




























diagram after Yoder and Tilley (1962), and shows that the rocks fall 
in the olivine and quartz tholeiite fields.
Additional evidence to support a tholeiitic parent of the Vedder 
Mountain amphibolites is Figure 5, a plot of normative plagioclase 
composition versus weight percent AI2O3 (Irvine and Baragar, 1971).
The dividing line has been devised to separate the more basic members 
of the tholeiitic and calc-alkalic series. Irvine and Baragar believe 
that in the range from very calcic plagioclase to about An^^ the 
diagram "provides a more significant separation of the two series 
than the AFM plot." From the diagram it can be seen that all of the 
Vedder Mountain amphibolites plot distinctly in the tholeiitic field.
Figure 6 is a plot of the Vedder Mountain and Shuksan rocks on an 
AFM diagram. Examination of the figure shows that the amphibolites 
cluster in a group close to the FM side of the diagram while the 
Shuksan rocks define a disperse field. Although the fields defined by 
both rock units are nondefinative of any one fractionation trend, they 
show some overlap.
Figure 7 is a plot of the rocks from both units on an alkali-silica 
variation diagram after Schwarzer and Rogers (1974). From the diagram, 
it can be seen that all but one of the amphibolites from Vedder 
Mountain plot in the subalkaline field, and all but two samples plot in 
the tholeiitic series field as defined by curve F after Kuno (1968).
In comparison, rocks from the Shuksan unit plot as a scatter of points 
nondefinitive of any one primary rock series. This diversity of 
alkalis in the Shuksan could be attributed to alkali metasomatism.








































































































































































































delineate tholeiitic and calc-alkalic igneous trends are utilized.
In all of the diagrams FeO* means that total iron has been converted to 
FeO.
The first diagram (Figure 8), a plot of FeO*/MgO vs. Si02» shows 
the fields defined by both the Vedder Mountain and Shuksan units, 
along with an average trend for abyssal tholelites as defined by 
Miyashiro (1973a) and the tholeiitic trend of the Skaergaard for 
reference. Rocks from each unit lie in both the tholeiitic and 
calc-alkalic fields of the diagram with the fields defined by both 
rock units showing some overlap. Although neither unit shows a 
distinct trend, the Shuksan rocks appear to group mainly in the 
tholeiitic field.
Figure 9, a plot of FeO*/MgO vs. FeO*, shows both the Vedder 
Mountain and Shuksan rocks lying along a tholeiitic trend of fractional 
crystallization. A majority of the samples from the Shuksan unit lie 
directly along the trend defined by the classic Skaergaard tholeiitic 
fractionation sequence. Vedder Mountain amphibolites lie along the 
bottom portion of the Skaergaard trend and extend slightly below it. 
They also lie slightly to the left but within the fractionation trend 
line of abyssal tholelites as defined by Miyashiro (1973a).
Figure 10, a plot of Fe0*/Mg0 vs. Ti02» shows that the Vedder 
Mountain amphibolites line up directly along the portion of 
convergence between the Skaergaard and abyssal tholelite fractionation 
trends. Although the Shuksan unit is scattered about the two trends, 
it also shows Ti02 enrichment characteristic of a fractionating 
tholeiitic magma.
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FIGURE 8. FeO*/MgO vs. Si02 in Vedder Mountain amphibolites 























FIGURE 9. FeO*/MgO vs. FeO in Vedder Mountain amphibolites 











































































Whole-rock chemical analyses of Vedder Mountain graphitic 
phyllites and schists are listed in Table 5A. Table 5B lists 
whole-rock chemical analyses of samples from the Darrington Phyllite, 
Samples listed in both tables are representative of their respective 
rock units. Note that the sample totals show low values. This is 
because H2O and carbon, which are major constituents of the rocks, 
are not included in the analyses.
A comparison of samples from the two units shows that the rocks 
are similar in chemical composition, with the exception that CaO is 
consistently lower in the Darrington unit.
Analyses of samples from both units are similar to those of the 
following rock and sediment types listed in Table 6: 1) the average
Paleozoic shale (Clarke, 1924), 2) certain muds (Wakeel and Riley, 
1961) and 3) certain carboniferous shales and slates (Lamborn ^ a^, 
1938; Nanz, 1953). Hand specimens and thin sections of the study 
rocks show graphitic material as one of the components. Presence 
of free carbon in the study rocks and its general absence in deep-sea 
sediments (Wakeel and Riley, 1961) indicates that the rocks probably 




























































































CO Kd- VO 00 CM CO
VO (Tt o CO r— 00 CM LO1 • • • • • « • • •
LO 00 CM 00 o
m IT)
o
CSJ 00 00 00 CM VO
00 cn 00 VO VO 1— CVJ f“ CM
LO f~ CO r- CM CM r~-
to VO r“ o>
ea:
cc o o CVJ o LO p— r— o COCSJ 00 <Ti 00 r— o CSJ LO LO o





fo n0 CM o CM O CM










CM o VO OS LO cn 00 CO VO 00CO VO LO o 00 o VO CMLO •
CM o VO CO 1—VO os
CO CTJ 00 o 00=c 00 LO VO p— CD p— VO LO 00 CO
• *
VO r— oo cr» t“ CM CM CM
VO r“ os
■K
o OS 00 VO 1 cn CM p~"h-H 00 LO 1 CM CO r—
• • • • 1 • • « • •
r— cn 1 CM CO COVO 1— cn
j_ VO ,_ 00 00 CM CO CMCO 00 00 cn VO r“ LO 00CO
CM r“
VO


























TABLE 6. Chemical analyses of some rock and sediment types.
1 2 3 4
S102 60.15 59.42 61.47 58.03
T102 .76 .71 1.01 .64
A1„0- 16.45 14.01 16.80 15.00
4.04 1.55 2.60 3.67
FeO 2.90 4.82 4.33 5.82
Fet — — — .03
MnO tr .07 .12 .09
CaO 1.41 .89 .44 .26
BaO .04 — —
—
MgO 2.32 3.86 .74 1.64
Na20 1.01 1.68 .32 3.52
K2O 3.60 2.30 2.21 3.60
U2O tr — — —
H2O- .89 7.10 .90 .84
H2(H 3.82 5.01 3.46
^2^5 .15 .08 .18 .16
CO2 1.46 — 2.25 .03
SO„ .58 — tr .14
S — — — .04
C .88 1.59 1.37 3.27
N — .059 — —
CaCO- — .79 — —
Fe$2 — — .25 —
MqCO. — 1.23 — —
Total 100.46 100.16 100.00 100.24
1. Average Paleozoic shale (Clarke, 1924).
2. Green mud (sample 26) (Wakeel and Riley, 1961).
3. Anthony Shale (sample 12) (Lamborn et al, 1938).
4. Slate from the Footwall strata of the Iron River district,
Michigan (sample 33) (Nanz, 1953).
37
Metamorphism of the Amphibolite Unit
Introduction
This section presents data dealing with the mineralogy, metamorphic 
grade and phase relationships of amphibolites and pelitic schists of 
the northern metamorphic unit at Vedder Mountain. The purpose is 
twofold: 1) to compare the mineralogy of the above rocks with those
of the same metamorphic grade from other parts of the world, and 2) to 
define the phase relationships of the rocks in order to get a better 
understanding of the formation and metamorphism of similar rocks 
throughout the world.
Method of Investigation
Mineral chemical compositions were determined with a 5-channel 
ARL electron microprobe at the Geology Department of the University 
of Washington. Operating voltage was 15KV, sample current was 0.10 
microamp and a focused beam was used. Carbon coated circular thin 
sections of standard thickness were used as targets. Data reduction 
and corrections for drift, background, dead time and matrix effects 
were made using programs UWPROBE (anonymous, 1976?) and BAEDR (a 
program based on the correction procedure of Bence and Albee (1968)), 
and program EMPADR (the Electron Microprobe Analytical Data Reduction 
program) written by Rucklidge and modified by McCallum (1976?). Natural 
feldspars, pyroxenes, amphiboles and sphene of exceptional homogeneity 
and well-known composition were used as standards. Microprobe analyses 
of each sample were made on two separate occasions with photomicrographs 
used for spot locating and matching of analyzed points. On each 
occasion, three runs were carried out in order to obtain complete
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analyses. Reported compositions of analyzed minerals are averages of 
two to eight spot analyses in each grain. For certain mineral species 
both grain rim and core compositions are reported.
Amphibole formulas were determined from weight percent oxides 
using a computer program developed by Papike (1974). This program
is especially useful for analyses which lack separate determinations 
of FeO and Fe203 because it solves for minimum, midpoint and maximum 
Fe202 in the amphibole formula. Calculations are based on the following 
constraints: 1) total cationic charge of 46 (anhydrous basis);
2) tetrahedral site occupancy of 8.00 which includes Si, Al^'^;
3) occupancy of 5.00 in the sites which includes Al'^^, Ti, Fe^^,
Fe^^, Mg, Mn; 4) site occupancy of 2.00 which includes Na, Ca and 
excess Fe, Mg from the M^_3 sites; 5) occupancy of 0-1.00 in the A site 
which includes K and excess Na from the M^ site. Formulas based on 
minimum Fe20^ yield zero Fe20^ and are determined according to the 
following rules: 1) maximize the number of cations in the formula,
2) minimize Na in the M^ site, and 3) maximize Na in the A site.
Formulas based on maximum Fe20^ are determined according to the 
following rules: 1) minimize the number of cations in the formula,
2) minimize Na in the A site, and 3) maximize NaM^.
Petrographic study of amphibolites and pelitic schists was carried 
out on approximately 200 thin sections by traditional flat stage 
methods. All of the assemblages observed are listed in Appendix A.
2V of zoisite was measured with the universal stage. X-ray identification 
of olivine, paragonite, carbonates and epidote group minerals was 
carried out using a General Electric Model XRD-5 Diffractometer equipped 
with a copper anode tube. Further identification of the mineral
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paragonite was done using the sodium cobaltinitrite staining technique 
of Laduron (1971).
Mass balance equations were solved and chemographic projection of 
metamorphic mineral assemblages was done using computer programs written 
by Gregg Petrie and E. H. Brown, Geology Department, Western Washington 
State College.
Descriptive and Comparative Mineralogy 
A1 bi te
Microprobe analyses (Table 7) coupled with optical data indicate 
that albite is the only feldspar found in amphibolites and graphitic- 
pel i tic schists of the northern metamorphic unit.
Analyses listed in Table 7 reveal that the albite is nearly pure 
containing only between 1 and 4 molecular percent anorthite component. 
An-component is highest in albites of graphitic-pelitic schist (sample 
33-VM14I) and Fe^^-poor epidote amphibolite (sample 33-VM24B), and 
lowest in albites of actinolite schist (sample 33-VM41A).
Although most albite grains lack twinning, a few show either the 
albite or Carlsbad type with the latter restricted primarily to 
porphyroblasts. Poikiloblastic porphyroblasts which average 3 mm in 
diameter occur in albite-epidote amphibolite and contain numerous 
small aligned plates and rods of clinozoisite, hornblende and rutile 
(Fig. 11). In graphitic-pelitic schists, albite occurs as 5 mm wide 
synkinematic rotated porphyroblasts with the direction of rotation 
outlined by inclusions and trails of fine graphitic dust (Fig. 12). 
Besides occuring as porphyroblasts, albite exists in nearly all of the 
rocks of the northern unit as small interstitial grains.
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TABLE 7. Chemical 
Vedder Mountain,
analyses of albite, 
British Columbia.
33-VM14I 33-VM14I 33-VM24B 33-VM41A
Si02 66.94 67.32 68.22 68.77
AljOj 20.65 20.37 20.10 19.87
NagO 11.26 11.01 11.36 11.51
CaO .76 .76 .45 .18
K2O .05 .06 .03 .06
Total 99.66 99.52 100.16 100.39
CATIONIC CHARGE = 16
Si 2.940 2.956 2.974 2.989
A1 1.070 1.055 1.033 1.019
Na .959 .938 .960 .970
Ca .036 .036 .021 .009
K .003 .003 .002 .003
Ab 96.15 96.00 97.67 98.81
Mol. % An 3.57 3.67 2.15 .86
Or .28 .33 .19 .33
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FIGURE 11. Helicitic albite porphyroblasts containing aligned 
plates and rods of clinozoisite, hornblende and 
rutile (al = albite, sample 33-VM13A, X13).
FIGURE 12. Rotated albite porphyroblast with the direction of 
rotation outlined by inclusions and trails of 
graphitic dust (al = albite, sample 33-VM14I, X13).
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Barroisite
Barroisite, which is sodium-rich subcalcic hornblende, occurs in 
fine-grained metabasites throughout the northern metamorphic unit of 
Vedder Mountain (Appendix A and Fig. 3). Worldwide, this mineral is 
found only in high pressure glaucophanitic metamorphic terranes (Iwasaki, 
1960 and 1963; Banno, 1964; Kanehira, 1967; Hashimoto, 1973; Miyashiro, 
1973b) and eclogites (Banno, 1964; Coleman ^al_, 1965; Binns, 1967),
Barroisite was named after C. Barrois by Murgoci in 1922 (Binns, 
1967). The fact that Murgoci gave no type example or strict chemical 
compositional definition led to subsequent confusion with other 
amphibole types. Banno (1964) defined subcalciferous amphiboles 
(barroisites) containing "a large amount of glaucophane molecule" from 
rocks of the Sanbagawa metamorphic terrane of Japan. Ca in the M^(X) 
site of these amphiboles ranges from about 1.2 to 1.5. Binns (1967) 
suggested that "the name barroisite be reserved for sodium-rich 
aluminous amphiboles (approx. 10 percent AI2O2) in which only about 
half of the available X sites are occupied by calcium." More recently, 
Miyashiro (1968 and 1973b) defined barroisite as sodium-rich subcalcic 
hornblende with Ca atoms in a ratio of 1.0-1.5 to 24 (0, OH, F).
Comparison of the chemical analyses of barroisites from Vedder 
Mountain (Table 8) with those of barroisites from various other regions 
of the world (Table 9) shows that the Vedder Mountain barroisites are 
typical in that they contain approximately 10 to 11 percent Al202>
4 percent Na20, and are subcalcic with between 1.16 and 1.35 Ca in the 
M^(X) site. Figure 13 after Colville (1966) shows that in terms
of sodium amphibole end-member components, Vedder Mountain barroisites 
plot near the magnesioriebeckite-glaucophane side of the diagram. In
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TABLE 8. Chemical analyses of barroisite, 
Vedder Mountain, British Columbia.
33-VM20A 33-VM20A 33-VM20A 33-VM20E 33-VM20E
Si02 46.659 47.759 46.979 48.129 46.789
AI2O3 11.360 10.290
11.120 10.480 11.320
Ti02 .330 .330 .380 .270 .350
*FeO 10.587 8.462 9.339 7.845 6.718
4.743 7.539 6.231 6.924 9.176
HgO 10.920 11.440 10.900 11.610 11.530
MnO .280 .280 .280 .280 .240
CaO 8.590 7.830 7.870 7.520 7.700
Na20 3.980 3.990 4.130 4.060 3.950
K2O .300 .310
.210 .190 .330
Total 97.749 98.230 97.439 97.308 98.103
CATIONIC CHARGE = 46
Si 6.798 6.885 6.835 6.952 6.735
Tet. Al^ 1.115 1.165 1.048 1.265
8.000 8.000 8.000 8.000 8.000













1.290 1.020 1.136 .948 .809
Mg 2.371 2.458 2.363 2.499 2.474
Mn .035 .034 .035 .034 .029
5.000 5.000 5.000 5.000 5.000
XMi_3 .000 .000 .000
.000 .000
Ca 1.341 1.210 1.227 1.164 1.188
Na .790 .773 .836 .812
2.000 2.000 2.000 2.000 2.000
A Na .465 .325 .392 .301 .290
K .056 .057 .039 .035 .061
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terms of the amphibole classification scheme devised by Leake Cl968), 
the amphiboles plot as subcalcic (Ca below 1.50 on the basis of 24 
(0, OH, F, Cl)) sodic (Na 1.00 and above on the basis of 24 (0, OH, F, 
Cl)) magnesio-hornblende.
The formulas listed in Table 8 are based on the assumption that the 
amphiboles contain maximum Fe203. This assumption is justified by the 
recent work of Brown (1974 and 1977) who has shown that ferric iron 
plays a major role in the development of sodium-rich amphiboles of high 
pressure terranes. Brown has shown that the crossite component (NaM^) 
of Ca-amphibole appears to be directly related to the pressure of 
metamorphism by the following buffering reaction:
crossite + epidote + H2O = Ca-amphibole + albite + chlorite + iron oxide
(Brown, 1977)
The above reaction which relates crossites of the blueschist facies 
with Ca-amphibole of the greenschist facies shows that Ca-amphibole 
should have fixed NaM^, at any given T and where it coexists with 
iron oxide, albite and chlorite. Examples of the products of this 
reaction can be found in rocks of the high pressure Shuksan metamorphic 
unit (Brown, 1974 and 1977). Greenschists occur in the unit where the 
rocks lack sufficient ferric iron to produce sodic amphibole while 
blueschists develop where the ferric iron content of the rocks is high. 
Where sodic amphibole coexists with iron oxide, chlorite, and albite, 
the buffering assemblage has been reached, and maximum NaM^ component 
in the amphibole is found. Related to the above discussion is the 
fact that barroisitic rocks from Vedder Mountain contain albite and 
chlorite but are void of iron oxide. Thus, the fact that the buffering
47
assemblage is not found in any of these rocks indicates that the 
amphiboles do not contain maximum NaM^ but do contain maximum ferric 
iron in the sense that all available iron oxide has been consumed by 
the reaction. For this reason, maximum Fe202 has been assumed in the 
determination of the barroisite formulas listed in Table 8.
Ca-amphiboles from high pressure terranes contain substantially 
more NaM^ than those of low pressure areas (Miyashiro and Shido, 1959; 
Brown, 1977). Brown (1977) has found that "in any terrane NaM^ is 
nearly constant at a particular metamorphic grade where amphibole 
exists in the buffering assemblage, but varies widely outside of this 
assemblage." This suggests that in the buffering assemblage, the 
NaM^ content of Ca-amphibole "should be a useful barometer for low to 
medium grade metamorphic rocks" (Brown, 1977). Figure 14 after Brown 
(1977) shows a tentative estimate of the relationship between pressure 
of metamorphism and NaM^. High pressure buffering assemblage 
amphiboles from the Sanbagawa schist zone (P = 7-8 kb. Turner, 1968) 
and the Shuksan metamorphic unit (P = 7 kb judging from mineral 
assemblages. Brown, 1977) define a region on the diagram of maximum 
NaM^ vs. Al^'^ at 7 kb pressure. A plot of all the analyzed Vedder 
Mountain barroisites on this diagram shows that they fall within and 
just above the 7 kb range defined by the Sanbagawa amphiboles. Because 
none of the Vedder Mountain barroisites coexist with the buffering 
assemblage, they could conceivably have formed at even higher pressures 
than 7 kb.
Concerning the optical properties of barroisite, Binns (1967) notes 
that the data are too limited to distinguish it from other amphiboles. 





FIGURE 14. NaM^ vs. Al^'^ in Vedder Mountain barroisites and 
hornblendes (after Brown, 1977).
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properties; 1) blue-green pleochroism (Fig. 15), 2) interference tints 
of gray, gray-blue and light lavender-blue (Fig. 16) and 3) a 2)1^ of 
45° + 10°. Typical grains average 1 to 2 mm long and .3 to 1 mm wide. 
Strong blue-green pleochroism and light lavender-blue interference 
tints found in grains of some of the sections could be indicative of 
subglaucophane (Banno, personal communication, 1976).
Hornblende
Hornblende is the most common amphibole found in metabasites of 
the northern metamorphic unit at Vedder Mountain. It is present in 
epidote amphibolite in amounts of 30 to 50 percent and is found in 
some in excess of 80 percent.
Table 10 lists the chemical analyses of some of the above
O I
hornblendes from Fe -poor epidote amphibolites (samples 33-VM24B and 
33-VM24Ej). Because the particular hornblendes listed in Table 10
O I
are found in extremely Fe -poor rocks as evidenced by the presence of 
zoisite-clinozoisite assemblages, formulas of these amphiboles are 
based on the assumption that they contain midpoint Fe202 as opposed to 
maximum Fe202.
With the exception of a few subcalcic hornblendes (Ca for M^(X) 
ranges from 1.41 to 1.50), the remainder of those analyzed and all of 
those listed in Table 10 are calciferous (Ca ranges from 1.50 to 1.63 
for M^(X)). Also, all of the above are nearly sodic (Na ranges from 
.7 to .9 for X). Figure 17 after Colville (1966) shows that
formulas of northern unit hornblendes determined using both midpoint 
and maximum Fe202 values plot near the magnesiohastingsite-pargasite 
side of the diagram. The hornblendes plot both as magnesio-hornblende
50
FIGURE 15. Blue-green pleochroism of barroisite (b = barroisite, 
sample 33-VM20E, X13).
FIGURE 16. Gray, gray-blue and light lavender-blue interference 
colors of barroisite (b = barroisite, sample 
33-VM20E, X13).
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TABLE 10. Chemical analyses of hornblende, 
Vedder Mountain, British Columbia.
33-VM24B 33-VM24B 33-VM24B 33-VM24E1 33-VM24E1
SiO^ 46.669 48.029 48.079 47.439 47.629
AI2O3 13.290 11.520 11.470 12.440 11.990
Ti02 .510 .410 .460 .450 .470
*FeO 9.419 9.598 8.973 9.828 9.523
*Fe2^ 2.224 1.969 2.386 1.613 2.008




10.220 9.900 10.200 10.050
Na20 2.780 2.670 2.850 2.710 2.760
K2O .130
.110 .090 .240 .160
Total 97.552 97.926 97.908 97.870 97.790
CATIONIC CHARGE = 46
Si 6.705 6.871
6.866 6.799 6.826
Tet. Al^'^ 1.295 1.129 1.134
1.201 1.174
8.000 8.000 8.000 8.000 8.000
Al« .956 .814 .798 .901 .851
Oct. Ti .055 .044 .049 .049 .051
M, 0 Fe^"^ .240
.212 .257 .174 .217
’•5 , 2+
Fe 1.132 1.148 1.072 1.178 1.141
Mg 2.666 2.821 2.873 2.723 2.779
Mn .020 .021 .024 .024 .023
5.069 5.060 5.073 5.049 5.062
X«l-3 .069 .060 .073 .049 .062
M4 Ca 1.527 1.567 1.515 1.567 1.543
Na .404 .373 .412 .384 .395
2.000 2.000 2.000 2.000 2.000
A Na .370 .367 .377 .369 .372
K .024
.020 .016 .044 .029





























































































and subcalcic magnesio-hornblende after the amphibole classification 
scheme of Leake (1968).
Formulas based on both midpoint and maximum Fe202 are plotted in 
Figure 14 after Brown (1977). Those based on maximum ^^2*^3 within 
the 7 kb range defined by Sanbagawa buffering assemblage amphiboles 
while formulas based on midpoint Fe202 define a field just below the 
7 kb range.
Hornblende grains are subhedral to anhedral and show elongation 
in the direction of foliation. They are characterized by pleochroic 
colors of light green, green, and blue-green and a of 80° + 10°.
They are generally associated with Fe -poor epidotes. Some of the 
grains show twinning, and average grains are 3 mm long and .7 mm wide.
The larger 2V, light green to green pleochroism and second order 
interference colors serve to distinguish it from barroisite.
Actinolite
Actinolite exists in fine-grained, light green metabasites which 
occur at only a few localities throughout the northern metamorphic unit 
(Appendix A and Fig. 3). The rocks are intercalated with epidote 
amphibolite and barroisite schist and look identical to greenschists of 
the Shuksan unit.
Chemical analyses of some of the actinolites are listed in Table 11. 
Because none of the actinolite bearing assemblages contain iron oxide 
(Appendix A), determination of the formulas listed is based on the 
assumption that the amphiboles contain maximum Fe202 (Brown, 1974 and 
1977). The table shows that the amphiboles are rich in MgO and CaO and 
are low in AI2O2. Although the amphiboles are near tremolite in
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TABLE 11. Chemical analyses of actinolite.
Vedder Mountain, British Columbia.
33-VM41A 33-VM41A 33-VM41A 33-VM41A
Si02 54.929 54.029 54.849 54.909
AI2O3 2.160 2.450 3.370
2.200
Ti02 .040 .140 .050 .080
*FeO 7.866 7.744 6.301 6.347
*Fe203 .391 .893 1.796 1.534
MgO 18.110 18.080 18.170 18.710
MnO .280 .250 .240 .250
CaO 12.000 11.710 12.030
12.110
Na20 1.240 1.840 .920 1.050
K2O .040
.010 .040 .040
Total 97.056 97.146 97.766 97.230
CATIONIC CHARGE = 46
Si 7.795 7.691 7.687 7.749
Tet . Al>'' .205 .309 .313 .251
8.000 8.000 8.000 8.000










Fe^-^ .933 .922 .738 .749
Mg 3.830 3.835 3.795 3.935
Mn .034 .030 .029 .030
5.000 5.000 5.000 5.000
XMi_3
.000 .000 .000 .000
^4 Ca 1.825 1.786 1.806 1.831
Na .175 .214 .194 .169
2.000 2.000 2.000 2.000
A Ma .166 .294 .056 .118
K .007
.002 .007 .007
.173 .296 .063 .125
♦calculated, see text
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composition they plot within the field of actinolite as defined by 
Leake (1968). Similarly, application of Figure 18 (Colville et al,
1966) shows that the amphiboles are high-tremolite component 
actinolites.
The above actinolites show pale green to colorless pleochroism for 
z, a 2V^ of 80° + 10° and interference colors which range up to lower 
third order. Most of the grains are narrow, averaging .1 mm wide, and 
are elongated (average 1 mm long) in the direction of foliation.
Zoisite
3"^Zoisite coexists with clinozoisite in Fe -poor epidote amphibolites 
which occur near the northeast end of the northern metamorphic unit 
(Appendix A and Fig. 3). In hand specimen grains exist as white 
elongate porphyroblastic blades up to 25 mm long and 5 mm wide which, 
together with hornblende, impart a foliation to the rocks. Zoisite is 
present in some of the rocks in excess of 25 percent, and, where it is, 
generally gives them a banded or segregated appearance.
Chemical analyses of zoisites from the above rocks are listed in 
Table 12. Examination of the table shows that Fe202 values range from 
1.7 to 2.6 percent. All of the analyses match well with those of 
zoisites coexisting with clinozoisite from other epidote amphibolites 
(Banno, 1964) and rocks of slightly higher grade (Ackermand and Raase, 
1973). Although many zoisites from other terranes show compositional 
zoning of Fe (Ackermand and Raase, 1973), probe traverses across 
zoisite grains from the northern metamorphic unit at Vedder Mountain 
indicated none.


















































































































TABLE 12. Chemical analyses of zoisite,
Vedder Mountain, British Columbia
33-VM24B 33-VM24B 33-VM24B 33-VM24E
Si02 39.28 38.83 38.63 39.53




‘Fe^Oj 2.13 2.53 2.61 1.74
MgO .04 .06 .08 .04
Mno .05 .05 .05 .03




Total 98.33 97.12 96.88 97.71
CATIONIC CHARGE = 25
Si 2.981 2.984 2.976 3.010
Al‘'' .019 .016 .024 -
3.000 3.000 3.000 3.010
Al'" 2.900 2.889 2.892 2.907
Fe^" .122 .146 .151
.100
3.022 3.035 3.043 3.007
Mg .005 .007 .009 .005
Ti .006 .005 .005 .005
Mn^"^ .003 .003 .003
.002
Ca 1.958 1.933 1.922 1.951
Na
.001 .005 .005 .003
1.973 1.953 1.944 1.966
♦total iron calculated as Fe202
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the form of elongated blades and prismatic cross-sections CFigs. 19 
and 20). Some of the blades are poikiloblastic containing numerous 
small aligned grains of hornblende, quartz, clinozoisite and albite 
(Fig. 21). Although the probe data indicate no compositional zoning 
within grains, some prismatic cross-sections contain a birefringent 
olive gray-brown zone or line which runs the length of the cross- 
section and appears to divide the grain in half (Fig. 22). All of the 
grains are characterized by anomalous gray and slight anomalous blue 
interference colors (Figs. 19, 20 and 21).
Optical properties of the grains match with those for o<-zoisite. 
Determination of 2V^ by flat stage methods gives values of approximately 
30° + 10°, and some grains yield uniaxial positive (2V = 0) figures. 
Determination of 2V^ with the universal stage gives values clustering 
around 30° + 5°. Anomalous interference colors which did not allow 
complete extinction of the grains prohibited the determination of more 
accurate 2V^ measurements.
Where clinozoisite occurs in contact with zoisite, the former is 
usually within the latter and no replacement relations are apparent 
between the two minerals.
X-ray analysis of a concentrate of the grains conclusively 
identified the material as zoisite.
Clinozoisite
Clinozoisite occurs in the following rock types throughout the 
northern metamorphic unit at Vedder Mountain: 1) zoisite-bearing and
Ox
zoisite-free Fe -poor garnet-epidote amphibolites, 2) garnet-free 
epidote amphibolites, 3) rims on iron-rich epidote in actinolite schist
59
FIGURE 19. Idiomorphic porphyroblastic elongated blades of 
zoisite (z = zoisite, sample 33-VM24B, X13).
FIGURE 20. Prismatic porphyroblastic cross-sections of zoisite 
(z = zoisite, sample 33-VM24Ej, XIO).
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FIGURE 21. Poikiloblastic zoisite blade containing aligned 
inclusions of hornblende (z = zoisite, sample 
33-VM24B, X40).
FIGURE 22. Prismatic cross-sections of zoisite showing a
birefringent olive gray-brown zone (z = zoisite, 
sample 33-VM24E^, X40).
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and 4) Fe^"^-poor graphitic-pelitic phyllites and schists.
Chemical analyses of clinozoisites from zoisite-bearing garnet- 
epidote amphibolites are listed in Table 13. Examination of the table 
shows that Fe202 values range from about 5 to 6.5 percent. This range 
is similar to that of clinozoisites from zoisite-clinozoisite pairs 
from other epidote amphibolites (Banno, 1964) and rocks of slightly 
higher grade (Ackermand and Raase, 1973).
Coexisting zoisite and clinozoisite assemblages have been reported 
by many authors (Weinschenk, 1903; Foye, 1926; Tilley, 1927;
Ehlers, 1953; Harpum, 1954; Hall, 1959; Banno, 1964; Myer, 1966; 
Ackermand and Raase, 1973). However, only Banno (1964) and Ackermand 
and Raase (1973) give analyses of coexisting grains. Grains analyzed 
by Banno (1964) are from epidote amphibolites similar to those of the 
northern metamorphic unit at Vedder Mountain, while grains analysed 
by Ackermand and Raase (1963) are from Austrian biotite schists of 
slightly higher grade. The Fe202 values of northern unit zoisite and 
clinozoisite differ by a minimum gap of 3.2 weight percent. Figure 23 
shows this gap along with the minimum compositional gaps determined 
by Banno (1964) and Ackermand and Raase (1973). Gap values are 
represented in terms of the Fe^^/(Fe^^ + A1) ratios of the coexisting 
minerals. Vedder Mountain pairs yield a minimum compositional gap 
of .07 (sample 33-VM24E^, Sanbagawa pairs a minimum gap of .07 and 
Austrian pairs a minimum gap of .06.
Clinozoisite found in zoisite-bearing and zoisite-free garnet- 
epidote amphibolite and in garnet-free epidote amphibolite is 
characterized optically by bright anomalous blue interference colors 
(Fig. 24), clear to slightly clouded grains of high relief and a 2)1^
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TABLE 13. Chemical analyses of clinozoisite, 
Vedder Mountain, British Columbia.
33-VM24E^ 33-VM24E^ 33-VM24E^ 33-VM24B
Si02 39.05 38.55 38.82 38.36
A12O3 29.60 30.32 28.88 28.90
Ti02
.21 .22 .17 .17
*^"2°3 5.11 4.98 6.33 6.49
MgO








Total 98.13 97.75 97.96 97.44
CATIONIC CHARGE = 25
Si 3.005 2.974 3.003 2.986
Al» - .026 - .014
3.005 3.000 3.003 3.000
Al" 2.686 2.731 2.634 2.638
.296 .289 .369 .380
2.982 3.020 3.003 3.018
Mg




M 2'*’Mn .007 .007
.010 .014
Ca 1.973 1.939 1.951 1.939
Na .003 .003
.001 .001
2.007 1.972 1.980 1.970
*total iron calculated as Fe202
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0 Vedder Mounfain (sample 24B) Gap*.08
□ Vedder Mountain (sample 24E|) Gap*.07
^ Sanbagawa (sample S85B-K8, Banno,l964)
Gap * .07














FIGURE 23. Compositions of coexisting zoisite and clinozoisite.
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T
FIGURE 24. Clinozoisite showing bright-blue anomalous interference 
colors (cz = clinozoisite, sample 33-VM14A, XIO).
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of approximately 90°. Banno (1964) notes that Sanbagawa clinozoisites 
with a 2V of about 90° are often associated with zoisite. Clinozoisite
X
exists in amounts of up to 50 percent in some of the northern unit 
epidote amphibolites, and in some it occurs together with sphene as 
inclusions in garnet, some of which are helicitic. It appears in 
actinolite schist as birefringent blue rims around more iron-rich cores 
of epidote which are characterized by birefringent yellows and slightly 
higher order colors. Grains in all of the above rock types are 
rounded and slightly elongated in the direction of foliation and 
average .4 mm long and .2 mm wide. Clinozoisite exists in some 
graphitic-pelitic phyllites and schists as small bright anomalous blue 
grains which are fractured and scattered throughout the matrix of the 
rock. It never appeared in these rocks in quantities of greater than 
1 percent.
Epidote
Epidote is found in actinolite schists, barroisite schists and 
albite-epidote amphibolites of the northern metamorphic unit (Appendix A 
and Fig. 3). It occurs in the above rocks in amounts of between 15 
and 40 percent.
Chemical analyses listed in Table 14 show that all of the analyzed 
grains contain at least 40 mole percent Al2peEp and are epidotes sensu 
stricto (Troger, 1971; Raith, 1976). The analyses show that the 
epidotes from barroisite schist are richer in Fe202 than those from 
actinolite schist. Grains from actinolite schist (sample 33-VM41A) 
appear to be zoned and show a gap from 48 to 71 mole percent Al2FeEp 
between the core and the rim.
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TABLE 14. Chemical analyses of epidote 







Si02 38.03 36.93 38.28 38.19 37.83
AI2O3
TiOj
23.56 24.02 27.59 27.65 24.62
.15
.11 .11 .12 .05
13.08 13.19 8.04 8.23 11.93
MgO .03 .05 .05 .06 .03
MnO .32 .28 .15 .18
.12
CaO 23.06 22.45 23.61 23.27 23.10
ria20 .02
.01 .01 .01 .01
Total 98.25 97.04 97.84 97.71 97.69
CATIONIC CHARGE = 25
Si 3.013 2.963 2.989 2.985 2.999
Al"' .037 .011 .015
.001
3.013 3.000 3.000 3.000 3.000
Al'" 2.201 2.235 2.528 2.533 2.300
.781 .797 .473 .484 .712
2.982 3.032 3.001 3.017 3.012
Mg .004 .006 .006 .007 .004
Ti .009 .007 .007 .007 .003
Mn^"^ .021 .019 .010
.012 .008
Ca 1.958 1.930 1.975 1.948 1.962
Na
.002 .001 .001 .001 .001
1.994 1.963 1.999 1.975 1.978
♦total iron calculated as ^6202
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Epidote grains in barroisite schist are characterized by a mottled 
birefringence and a large 2V . Some contain dirty brown cores. Grains 
in actinolite schist have properties similar to those of barroisite 
schist, but rims present on some of the grains show anomalous blue 
interference colors indicative of more Fe -poor compositions.
Garnet
Although garnet is widespread throughout the northern metamorphic 
unit, it is found only in epidote amphibolite and graphitic-pelitic 
phyllites and schists which occur mainly near the northeast and 
southwest borders of the unit (Appendix A and Fig. 3). Garnet in 
epidote amphibolite exists as pink to light cinnamon-red rounded 
porphyroblasts which make up to 15 percent of some of the rocks. Hand 
specimens of highly crenulated graphitic-pelitic phyllites and schists 
contain fractured and elongated red-pink garnet porphyroblasts, some of 
which occur as nodular masses and are present in amounts of up to 25 
percent.
Table 15 lists the chemical analyses of garnets from both of the 
above rock types. Garnets from graphitic-pelitic schist (sample 
33-VM14I) contain more almandine component than those from epidote 
amphibolite (sample 33-VM24E^), and rims on the former appear to be 
more Fe^^-rich than cores. Garnets from epidote amphibolite are 
pyralspites with appreciable grossular component.
All of the above analyses match well with those of garnets from 
graphitic-pelitic schists and epidote amphibolites of the Sanbagawa 
schist terrane (Banno, 1964). Also, the above garnets from epidote 
amphibolite are similar in composition to those from garnet amphibolite
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TABLE 15. Chemical analyses of garnet, 
Vedder Mountain, British Columbia.
33-VM14I 33-VM14I 33-VM24E, 33-VM24E
RIM CORE
Si02 37.31 36.58 37.69 36.87
AI2O3 21.13 21.26 21.71 21.72
Ti02 .14 .19 .15 .13
*FeO 33.00 29.59 24.50 23.93
MgO
1.88 1.16 2.76 2.69
MnO .70 .73 3.40 3.75




Total 100.25 98.36 99.52 98.26
CATIONIC CHARGE = 24
Si 2.991 2.974 2.986 2.962
Al” .009 .026 .014 .038





1.996 2.024 2.023 2.027
Mg .225 .140 .326 .322
2.210 2.012 1.624 1.608
Mn .047 .050 .228 .255
Ca .521 .770 .788 .788
3.003 2.972 2.966 2.973
Mol. % Alman 73.59 67.70 54.75 54.09
Spess 1.57
1.68 7.69 8.58
Py 7.49 4.71 10.99 10.83
Gross 17.35 25.91 26.57 26.50
.91 .93 .83 .83
Fe^"^ + Mg
♦total iron calculated as FeO
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and eclogite from the Fairbanks District, Alaska (Swainbank and Forbes, 
1975), and to those from the Moine Schists of the Ardnamurchan Area, 
Argyllshire, Scotland (Butler, 1967). No compositional zoning was 
found in any of the garnets from northern unit epidote amphibolites.
Garnets in epidote amphibolite show a myriad of forms ranging from 
fractured and brecciated porphyroblasts (Fig. 25) to idiomorphic 
porphyroblasts displaying hexagonal outlines. Most are rounded and 
slightly elongated and some are helicitic containing inclusion trains 
of clinozoisite, sphene and quartz. Most porphyroblasts from northern 
unit epidote amphibolites average 4 mm across and some are as large 
as 8 mm across. Garnets in graphitic-pelitic phyllites and schists 
occur mainly as highly brecciated and elongated porphyroblasts and as 
synkinematic snowball forms with the trail of rotation outlined by 
inclusions of quartz (Fig. 26). Most porphyroblasts average 7 mm 
across and some are as large as 15 mm across.
Chlorite
Chlorite is ubiquitous to all of the rock types of the northern 
metamorphic unit. Although it generally constitutes no more than a few 
percent of epidote amphibolite and barroisite and actinolite schist, it 
is present in most graphitic-pelitic schists in amounts of greater 
than 15 percent.
Table 16 lists the chemical analyses of chlorites from epidote 
amphibolites (samples 33-VM24B and 33-VM24Ej^), barroisite schist 
(33-VM20A) and actinolite schist (33-VM41A). All of the chlorites 
listed are similar in composition with the exception of that from 
actinolite schist which is richer in MgO and lower in FeO (see
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FIGURE 25. Fractured and slightly brecciated garnet in
epidote amphibolite (g = garnet, sample 33-VM14B, 
XIO).
FIGURE 26. Rotated garnet containing inclusions of quartz 
in graphitic-pelitic schist (g = garnet, sample 
33-VM14I, XIO).
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TABLE 16. Chemical analyses of chlorite, 
Vedder Mountain, British Columbia.
33-VM20A 33-VM24B 33-VM24E^ 33-VM41A
Si02 27.26 26.40 26.70 27.40
A12O3 20.49 21.87 21.91 20.69
Ti02 .07 .05 .08 .02
*FeO 19.39 18.00 18.16 16.39
MgO 20.56 19.78 20.14 22.62
MnO .22 .21 .16 .24
CaO - .03 .04 -
Na20 .01 .01 .03 .01
Total 88.00 86.35 87.22 87.37
CATIONIC CHARGE = 28
Si 2.768 2.712 2.715 2.759
Al"' 1.232 1.288 1.285 1.241
4.000 4.000 4.000 4.000
Al'" 1.220 1.360 1.342 1.211
Ti .005 .004 .006 .002
c 2+Fe l'647 1.546 1.545 1.380
Mg 3.111 3.028 3.053 3.390
Mn .019 .018 .014 .021
Ca - .003 .004 -
Na .002 .002 .006 .002
6.004 5.961 5.970 6.006
.35 .34 .34 .29
2+Fe^ + Mg
*total iron calculated as FeO
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2+ 2+Fe /Fe + Mg ratios). Reference to Figure 27, taken after Banno
(1964) and Miyashiro (1973b), shows that chlorites from each rock
type define a narrow compositional range in regard to the
Si(Mg, Fe )-AlAl substitution. The figure shows that chlorites from
2+graphitic-pelitic schists are richer in Fe than those from 
amphibolite schists (this term includes barroisite schists and epidote 
amphibolites) and actinolite schists. Chlorites from the above rock 
types are similar in composition to those from corresponding rock 
types from the Sanbagawa schist zone (Banno, 1964). All of the 
analyzed chlorites plot in the field of ripidolite as defined by Hey 
(1954).
Chlorite occurs in all of the metabasites of the northern
metamorphic unit as both individual elongate grains and as sheaf-like
fibrous and vermicular intergrowths showing colorless to pale green
3+pleochroism. Grains from Fe -poor epidote amphibolite and actinolite 
schist display light gray interference colors while those from 
barroisite schist exhibit gray-brown interference tints. Some epidote 
amphibolites and actinolite schists contain cross-chlorites, and 
chlorite occurs as rim material on some garnets in some epidote 
amphibolites. Grains from all of the above rock types average .5 mm 
to 1 mm long and .2 mm wide.
Chlorite of graphitic-pelitic phyllites and schists occurs as 
crenulated and elongated masses up to 3 mm long mixed with muscovite 
(Fig. 28). All of the grains show anomalous gray-brown and blue 
interference colors and are pleochroic green. The darker green 
pleochroism of these chlorites as opposed to the pale green to colorless 












































































































FIGURE 28. Crenulated chlorite in graphitic-pelitic schist 
(ch = chlorite, sample 33-VM14I, XIO).
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fact that stronger pleochroism is generally exhibited by chlorites 
with higher iron content (Deer ^ al_, 1971).
Phenqitic Mica
Although white mica occurs in all the rock types of the northern 
metamorphic unit, it is listed as muscovite in Appendix A only where 
definite identification has been made by the microprobe. This is done 
because paragonite is present in some of the rocks, and it is impossible 
to optically distinguish between muscovite and paragonite. Definite 
identification has shown phengitic mica to occur in barroisite schist 
and graphitic-pelitic phyllites and schists. It exists in the former 
as individual grains up to 3 mm long and 1 mm wide which comprise up 
to 10 percent of the rock, while it is a major component in the latter, 
occurring as highly crenulated masses which contain intergrowths of 
graphite dust between individual grains (Fig. 29). White mica, 
probably phengite, occurs in epidote amphibolite as scattered grains 
which vary in size and generally comprise less than 10 percent of the 
rock. Phengite is also probably the white mica which exists in amounts 
of up to 15 percent in actinolite schist. Here it occurs as narrow 
grains which average .1 mm wide and are up to 1.5 mm long.
2+Because all Fe was determined by the microprobe as Fe , the
3+following approximations have been made for the content of Fe and 
Fe^^ of the micas in order to calculate complete chemical compositions 
and mineral formulas:
1) 25 percent of the total iron is calculated as FeO; the 
remainder is calculated as Fe202.
2) to check the validity of the above approximation, the ferrous
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FIGURE 29. Crenulated masses of phengite containing intergrowths 
of graphite in graphitic-pelitic schist (ph = phengite, 
gr = graphite, sample 33-VM14I, X13).
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iron content is estimated using an average value of 2.4 for the 
distribution coefficient of Fe^^ and Mg with coexisting chlorite 
as given by Brown (1975):
'"'muse ° ”9musc *
then Fe^'^ = total Fe - Fe^'^ (Brown, 1975)
Results derived from both methods are in excellent agreement.
Chemical analyses of mica from barroisite schists are listed in 
Table 17. The table shows that all of the muscovites are phengitic, 
i.e., are between muscovite and celadonite in composition. The 
analyses match well with those of phengites given by Velde (1967) from 
glaucophane schists from He de Groix and with those of certain 
phengites given by Butler (1967) from rocks of the Moine Schist, 
Ardnamurchan Area, Argyllshire, Scotland.
Optical properties of the mica are identical to those of muscovite 
except for the fact that the grains show a low 2V^ of between 0° and 
10° which is typical of phengite.
Paragon!te
Although numerous mica grains were probed, paragon!te was found
O j.
to exist only in Fe"^ -poor epidote amphibolites. X-ray analysis 
coupled with the sodium cobalt!nitrate staining technique after 
Laduron (1971) showed no paragonite in graphitic-pelitic phyllites 
and schists.
Table 18 lists the chemical analyses of the paragonites. All 
contain approximately 7.7 percent Na20 and are low in K2O. They are 
similar in composition to that listed by Banno (1964) from Sanbagawa 
epidote amphibolite.
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TABLE 17. Chemical analyses of phengitic mica, 
Vedder Mountain, British Columbia.
33-VM20A 33-VM20E 33-VM20E 33-VM20E
Si02 48.55 46.37 47.61 47.32




*FeO .93 1.17 .94 .93
*Fe203 3.12 3.93 3.12 3.10
MgO 2.58 3.55 2.54 2.47
MnO .02 .02 .02 .02
CaO .03 .01 .01 -
Na20 .92 .89 .91 1.04
K2O 9.20 9.79 9.73 9.56
Total 95.25 95.65 95.36 95.27
CATIONIC CHARGE = 22
Si 3.243 3.122 3.189 3.171
Al"'' .757 .878 .811 .829
4.000 4.000 4.000 4.000
Al'^^ 1.519 1.463 1.561 1.571
Ti .050 .022 .022 .023
.052 .066 .053 .052
Fe^^ .157 .199 .157 .157
Mn .001 .001 .001 .001
Mg .257 .356 .254 .247
2.036 2.107 2.048 2.051
Ca .002 .001 .001 -
Na .119 .116 .118 .135
K .784 .841 .832 .818
.905 .958 .951 .953
*calculated, see text
79




33-VM24B 33-VM24B 33-VM24B 33-VM24B
Si02 46.06 47.55 46.70 47.30
AI2O3
Ti02
41.07 38.59 40.92 38.53
.14 .13 .10 .11
TeO .30 .31 .29 .33
MgO .06 .11 .08 .11
MnO .01 - .01 -
CaO .24 .21 .18 .19
Na20 7.56 7.77 7.66 7.70
K2O .37 .36 .45 .36
Total 95.81 95.03 96.39 94.63
CATIONIC CHARGE = 22
Si 2.926 3.042 2.949 3.038
Al" 1.074 .958 1.051 .962
4.000 4.000 4.000 4.000
Al''' 2.002 1.952 1.995 1.956
Ti .007 .006 .005 .005
.016 .017 .015 .018
Mn .001 - .001 -
Mg .006 .011 .008 .011
Ca .016 .014 .012 .013
2.048 2.000 2.036 2.003
Na .932 .964 .938 .959
K .030 .029 .037 .029
.962 .993 .975 .988
♦total iron calculated as FeO
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Paragonites of this study are optically identical to the phengitic 
micas described in the previous section. One paragonite grain showed 
a 2V, of 15° + 10°.
J\
Other Minerals
Sphene occurs in all rock types of the northern metamorphic unit.
It exists as large porphyroblasts and as euhedral diamond- to 
wedge-shaped grains in epidote amphibolite (Fig. 30). Some 
wedges display twinning, and larger porphyroblasts in graphitic- 
pel i tic phyllites and schists show multiple parting. Sphene 
also exists as rims on some rutile grains, and both minerals occur 
as separate grains within the same rock.
Rutile exists as large dark yellow-brown porphyroblasts up to 
8 mm long showing microboudinage (Fig. 31), as poikiloblastic 
porphyroblasts showing sieve-texture (Fig. 32), and as single 
grains scattered throughout the matrix of barroisite schists and 
some epidote amphibolites and graphitic-pelitic phyllites and 
schists. Some grains exist as inclusions in garnet, and some 
occur as cores within sphene.
Calcite occurs as small highly birefringent patches and blebs in 
all of the major rock types of the northern metamorphic unit. It 
also occurs in some metabasites as larger grains which show 
rhombohedral twinning. It is found by itself, and sometimes with 
quartz and albite, in veinlets which crosscut barroisite schist. 
Some opaque material is associated with calcite.
Olivine occurs with dolomite, hornblende, albite, chlorite, calcite 
and quartz in vein material cutting epidote amphibolite. Some
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FIGURE 30. Prismatic grains of sphene in epidote amphibolite 
(sp = sphene, sample 33-VM57A, X16).
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FIGURE 32. Rutile porphyroblasts showing sieve-texture (ru = rutile 
sample 33-VM52A, X16).
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grains are partially replaced and show hexagonal outlines. The 
grains are characterized by a high 2V^ and high positive relief, 
and some show twinning. X-ray analysis conclusively identified the 
material as olivine.
Graphite occurs as fine opaque dust outlining deformational 
features and structures found in micas, sphene porphyroblasts 
and albite porphyroblasts in graphitic-pelitic phyllites and 
schists (Fig. 29).
Pyrite is the major sulfide present in all of the rock types, and 
some has altered to hematite.
Dolomite occurs with olivine, calcite, hornblende, albite, chlorite 
and quartz in vein material cutting epidote amphibolite. X-ray 
analysis conclusively identified the material as dolomite.
Apatite occurs in all rock types of the northern metamorphic unit 
as clear, rounded and elongated grains showing high positive 
relief and gray birefringence.
Tourmaline is rare in all of the rocks of the northern metamorphic 
unit and was found in only a few samples of graphitic-pelitic 
phyllites and schists and actinolite schists. It exists as 
pleochroic green-gold trigonal cross-sections and elongate grains.
Distribution Coefficients
piDistribution coefficients for Fe and Mg in coexisting minerals 
from rocks of the northern metamorphic unit are listed in Table 19.
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TABLE 19. Distribution of Fe^"^ and Mg between minerals
in metabasites and graphitic-pelitic schists of 
the northern metamorphic unit, Vedder Mountain, 
British Columbia.
KpFe^'^/Mg
Sample no. Average Range No. of pairs
Chlorite/actinolite 33-VM41A 1.90 1.67 - 2.14 4
Chiorite/barroisite 33-VM20A 1.11 .97 - 1.27 3
Chlorite/hornblende 33-VM24B 1.28 1.20 - 1.37 3
33-VM24E^ 1.20 1.17 - 1.23 2
Garnet/chlorite 33-VM24E^ 9.85 9.84 - 9.86 2
33-VM14I 13.90 11.29 - 16.51 2
Garnet/hornblende 33-VM24Ej 11.82 11.50 - 12.14 4
The table shows that the range in KpFe^^/Mg values of
chiorite/barroisite pairs overlaps with the range of values of
2+chlorite/hornblende pairs. The average K^Fe /Mg value for 
chlorite/actinolite pairs is close to that of a chlorite/actinolite 
pair from the greenschist facies (Brown, 1975). K^Fe /Mg values of 
garnet/chlorite pairs from graphitic-pelitic phyllites and schists are 
greater than those of garnet/chlorite pairs from Fe -poor epidote 
amphibolites.
Metamorphic Grade
Excluding actinolite schist and vein material cutting epidote 
amphibolite, all of the rocks of the northern metamorphic unit contain 
metamorphic mineral assemblages characteristic of the high-pressure 
subfacies of the epidote amphibolite facies (Miyashiro, 1973b). 
Although this subfacies resembles the medium-pressure subfacies of the 
same facies, the presence of muscovite and barroisite is distinctive
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because it indicates that northern unit epidote amphibolites are of 
the high-pressure series rather than of the medium-pressure series 
(Miyashiro, 1973b). Figure 33, after Miyashiro (1973b), shows the 
P-T fields of the epidote amphibolite facies and of certain other 
metamorphic facies for reference.
Albite is the only feldspar found in metabasites and graphitic- 
pelitic phyllites and schists of the northern metamorphic unit. The 
presence of albite in association with the minerals described in the 
mineralogy section of this study indicates that the rocks of the 
northern metamorphic unit are either within the albite-epidote 
hornblende subfacies of the epidote amphibolite facies or are of lower 
grade (Banno, 1964). In contrast to the writer's above finding,
McMillan (1966) claims to have found both albite and oligoclase; however, 
McMillan's feldspar determinations appear to be based solely on optical 
data. Banno (personal communication, 1976), working on rocks of 
similar grade from the Sanbagawa metamorphic terrane of Japan, has 
found from microprobe analysis that feldspar, previously optically 
determined to be oligoclase, is albite.
Northern unit epidote amphibolites are characterized by the 
following mineral assemblages:
1) albite + epidote or (clinozoisite and/or zoisite) + hornblende 
or subcalcic hornblende + chlorite + quartz + garnet + white 
mica (muscovite and/or paragonite) + rutile + sphene
+ cal cite + apatite + pyrite
2) albite + epidote + barroisite + chlorite + quartz + phengite 




FIGURE 33. P-T space of metamorphic facies with special reference 
to the epidote amphibolite facies. The equilibrium 
curves are for the following reactions. (The left-hand 
side of each equation is stable on the low-temperature 
side of the corresponding curve.)
(1) analcime + quartz = albite + H^Oi (2) lawsonite 
+ 2 quartz + 2H2O = laumontite; (3) aragonite = calcite; 
(4) jadeite + quartz = albite; (5) kyanite = andalusite; 
(6) kyanite = sillimanite; (7) andalusite = sillimanite;
(8) muscovite + quartz = K-feldspar + Al2Si0g + H2O;
(9) beginning of melting of granite; (10) beginning of 
melting of olivine tholeiite (after Miyashiro, 1973b).
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Actinolite schists are characterized by the following uniform, 
high-pressure greenschist facies assemblage:
3) actinolite + chlorite + epidote + albite + sphene + quartz 
+ cal cite + apatite + tourmaline + pyrite
Graphitic-pelitic phyllites and schists are characterized by the 
following assemblage:
4) quartz + garnet + chlorite + albite + phengite + graphite 
+ sphene + rutile + clinozoisite + tourmaline + cal cite
+ apatite
Vein material cutting epidote amphibolite is characterized by the 
following assemblage:
5) quartz + albite + hornblende + chlorite + calcite + olivine 
+ dolomite
All of the rocks of the northern metamorphic unit lack biotite 
indicating that they formed at temperatures below the biotite isograd.
Assemblage no. 5 was found at only one location within the northern 
metamorphic unit (Appendix A and Fig. 3). Is exists as one inch wide 
veins containing brecciated fragments of epidote amphibolite scattered 
throughout a matrix of calcite, dolomite, olivine, quartz and albite 
(Fig. 34). The significance of these veins is unclear.
Rocks of the northern metamorphic unit contain assemblages similar 
to those of the Sanbagawa schists of the Bessi-Ino district (Banno,
1964,and personal communication, 1976) and the limori district 
(Kanehira, 1967) of Japan. Figure 35 reveals that Vedder Mountain 
assemblages listed in Appendix A fall into Zones B and C and possibly 
Zone D as defined by Banno (1964). Figure 36 shows that all of the
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FIGURE 34. Olivine-bearing vein material cutting epidote


















































FIGURE 35. Zonal classification of basic schists (A.) and politic 














































































































Vedder Mountain metabasite and metapelite assemblages could fall into 
Zone C as defined by Kanehira (1967).
Because all of the critical northern unit assemblages listed above 
lie within a radius of 1 km and are intercalated, adjacent or are in 
close proximity to one another, it seems highly unlikely that the P-T 
conditions of metamorphism could have varied enough to have formed 
rocks ranging in grade from the epidote amphibolite facies to the 
glaucophane schist facies (Zones D, C and B of Banno). Instead, it 
seems more reasonable that all of the critical northern metamorphic 
unit assemblages formed under similar P-T conditions and fall within 
one zone, as they do within Kanehira's Zone C, where the differences in 
mineralogy between present critical assemblages are merely a reflection 
of a slight variation in bulk rock chemistry of the parent materials.
Phase Relations
Ai-Fe^'^-Mg and Al-Ca-Fe^"^ projections showing the phase relations 
of Fe^''’-poor garnet-epidote amphibolites and barroisite schists have 
been derived utilizing previously listed mineral compositions and a 
computer program based on the chemographic projecting process of 
Greenwood (1975).
Fe^^-poor garnet-epidote amphibolite sample 33-VM24B was chosen 
for study because it contains the following reaction assemblage:
quartz + albite + garnet + clinozoisite + zoisite + chlorite 
+ hornblende + paragonite + possible phengite + accessories 
sphene, calcite and pyrite
Figure 37 is an Al-Fe^^-Mg projection representing the above assemblage. 






shows that chlorite lies within the paragonite-garnet-hornblende phase 
field. This indicates that chlorite is unstable and is a reacting 
phase.
Figure 38 is an Al-Ca-Fe projection which shows the phase 
relations between Fe^^-poor garnet-epidote amphibolite and barroisite 
schist. Phases are projected from quartz, albite, phengite, chlorite 
and H2O. For the projection garnet has been treated as an extra phase. 
Concerning the phase relations of garnet-epidote amphibolite, the
o I
projection shows that Fe -poor epidote (clinozoisite) lies along the 
paragon!te-hornblende tie line, and thus is unstable and is a reacting 
phase. Concerning the phase relations of barroisite schist, the 
diagram shows that epidote lies along the paragon!te-barroisite join 
and is a reacting phase. The projection reveals the existence of a 
paragon!te-epidote-barroisite phase field. Barroisite-paragonite- 
epidote-bearing eclogites of Naustdal, Norway described by Binns (1967) 
appear to fall into this latter phase field.
Mass balancing of the compositions of minerals involved in the 
above Fe^^-poor garnet-epidote amphibolite reaction assemblage yields 
the reaction equation listed below. Note that the reaction also 
includes Fe203 and the ubiquitous phases quartz, albite, and H2O.
.233 quartz + 1.069 chlorite + 2.663 albite + 1.000 epidote =
1.118 hornblende + 1.908 paragon!te + .207 garnet + 1.750 H2O + .143 Fe203
The reaction shows the same results predicted by the above phase 
diagrams: chlorite and epidote are two of the major reactants and
hornblende, paragon!te and garnet are major products.











from subcalcic hornblende into sodic-subcalcic hornblende (barroisite),
i.e., a solid solution series exists between hornblende and barroisite.
The diagram also shows that amphiboles richer in sodium coexist with
epidotes richer in Fe^^. Figure 39 shows this relationship more
3+clearly with a plot of NaM^ in amphibole vs. Fe in epidote for 
epidote amphibolites and barroisite schists.
Figure 38 shows that rocks of slightly different bulk chemical 
composition, affected by the same conditions of metamorphism, can 
account for the differences in the mineralogy between northern unit 
Vedder Mountain epidote amphibolites and barroisite schists. The 
projection shows that ferric iron plays a major role in determining 
what the mineralogy will be: barroisite-bearing assemblages form
where there is sufficient ferric iron, while hornblende-bearing 
assemblages (epidote amphibolites) lack sufficient ferric iron to 
produce more sodium-rich amphibole assemblages. It follows from the 
work of Brown (1974 and 1977) that the latter can also be said 
concerning northern unit intercalated actinolite schists.
Comparison of the Fe202 content of the analyzed northern unit 
metabasites listed in Table 3 and corresponding mineral assemblages 
listed in Appendix A bears out the above phase relations. The analyses 
show that barroisite-bearing rocks contain a greater amount of Fe202 
than do epidote amphibolites and actinolite schists.
Related to the above phase relations and bulk rock chemical 
compositional control, Banno (1964) notes that the temperature at 
which glaucophane reacts with epidote and chlorite to form hornblende 
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reacts with epidote and chlorite to form hornblende. Thus, it is 
possible for glaucophane schist and epidote amphibolite, or actinolite 
schist and epidote amphibolite to occur side by side since both rock 
types merely reflect different bulk chemical composition. Therefore, 
there should be a transitional zone where minerals of both facies occur 
in rocks closely associated with each other but having slightly 
different bulk chemical composition.
Concerning the phase relations of northern unit graphitic-pelitic 
phyllites and schists, the fact that no paragonite was found in these 
rocks indicates that the parent rock material was probably not 
aluminous enough to produce this mineral (Banno, 1964; Chatterjee, 1972; 
Miyashiro, 1973b).
Comparison with Sanbagawa and Shuksan Rocks
As previously shown, rocks of the northern metamorphic unit at 
Vedder Mountain contain assemblages and minerals with compositions 
identical to those of rocks from the Sanbagawa schists of Sikoku,
Japan (Iwasaki, 1963; Banno, 1964, and personal communication, 1976; 
Kanehira, 1967). Therefore, it is speculated that the metamorphic 
conditions which affected the northern unit were roughly similar to 
those which affected the Sanbagawa schists (P = 7-8 kb. Turner, 1968).
As previously described. Figure 14 after Brown (1977) shows that 
amphiboles from the northern metamorphic unit plot in and near the 
7 kb field defined by Sanbagawa buffering assemblage amphiboles. Values 
of Al^^ in northern unit Vedder Mountain and Sanbagawa amphiboles are 
higher than those of Shuksan amphiboles. This indicates that rocks 
from the former two units probably formed at higher temperatures than
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the latter (Brown, 1977).
Of all the rocks of the North Cascades, those from the Shuksan 
Metamorphic Suite contain assemblages nearest in metamorphic grade to 
the rocks comprising the northern metamorphic unit at Vedder Mountain. 
Rocks from the Shuksan Greenschist/Blueschist contain assemblages 
indicating pressures of formation of approximately 7 kb (Brown, 1977). 
This estimate is consistent with the above speculated pressure of 
formation for rocks of the northern metamorphic unit.
Conclusion
Chemical analyses of metabasites from the northern metamorphic 
unit at Vedder Mountain and samples from the Shuksan Greenschist/ 
Blueschist show that both units were derived from basaltic parent 
material. Analyses of northern unit metabasites cluster tightly, 
and plots of the analyses show that the rocks are tholeiitic.
Analyses of Shuksan Greenschist/Blueschist show that these rocks 
have a more diverse chemistry and are only in part tholeiitic.
Graphitic-pelitic phyllites and schists from Vedder Mountain show 
strong chemical similarity to samples of the Barrington Phyllite. 
Analyses of samples from both units are close to those of: 1) the
average Paleozoic shale (Clarke, 1924), 2) certain muds (Wakeel and 
Riley, 1961) and 3) certain carboniferous shales and slates (Lamborn 
^al, 1938; Nanz, 1953).
Rock types comprising the northern metamorphic unit are products 
of the high-pressure subfacies of the epidote amphibolite facies 
(Miyashiro, 1973b). These rock types are: 1) albite-epidote
amphibolites, 2) barroisite schists, 3) actinolite schists and
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4) graphitic-pslitic phyllites and schists. All of the rocks 
contain albite and lack biotite, and assemblages and mineral 
compositions are similar to those from the Sanbagawa schist belt of 
Sikoku, Japan (Iwasaki, 1963; Banno, 1964,and personal communication,
1976; Kanehira, 1967).
Critical metamorphic mineral assemblages of the northern unit 
lie within a radius of 1 km and are intercalated, adjacent, or in 
close proximity to one another. This fact coupled with new phase 
relations of Fe^^-poor epidote amphibolites and barroisite schists 
delineated on Al-Fe^‘*'-Mg and Al-Ca-Fe^"^ projections shows that the 
variation in bulk-rock chemical composition, rather than variation in 
the P-T conditions of metamorphism accounts for the observed 
assemblages. Specifically, the projections show that ferric iron plays 
a major role in determining what the mineralogy will be. The above 
projections and mass balancing of mineral compositions define the 
following reaction for Fe -poor epidote amphibolites:
.233 quartz + 1.069 chlorite + 2.663 albite + 1.000 epidote =
1.118 hornblende + 1.908 paragon!te + .207 garnet + 1.750 H2O + .143 Fe203
Although conditions of metamorphism in the northern metamorphic 
unit are unknown they are believed to have been close to those in the 
Sanbagawa schists. The pressures which affected both the northern 
metamorphic unit and the Shuksan Metamorphic Suite are also believed to 
have been similar, but temperatures affecting the former were probably 
higher. Therefore, if the rocks comprising the northern metamorphic 
unit are equivalents of the Shuksan Metamorphic Suite, then they are 
higher grade equivalents.
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Ill PETROLOGY OF THE GABBRO UNIT 
Whole-Rock Chemical Composition
Introduction
Presented in this section are data dealing with the chemical 
composition of rocks from the southern metamorphic unit at Vedder 
Mountain. This information is compared with data on the chemical 
composition of rocks from the Turtleback Complex of Fidalgo Island, 
Washington (Brown et^, 1977), oceanic gabbro (Engel and Fisher, 1969; 
Miyashiro^^, 1970; Thompson, 1973), and California ophiolitic 
rocks (Bailey and Blake, 1974). Brown et ^ (1977) have presented a 
comparison of the Fidalgo rocks with both of the latter types. The 
purpose of this section is threefold: 1) to compare the chemistry of
the rocks of the southern unit with the chemistry of certain igneous 
rock types, 2) to compare the rocks of the southern unit with chemical 
trends of igneous rocks in order to establish the nature of the original 
igneous rock suite, and 3) to delineate any chemical similarities or 
differences between the rocks of the southern unit and the above rocks 
to which they are compared. One uncertainty of this approach is that 
there is no way of evaluating the change in the original composition 
of the rocks as a result of low-grade metamorphism.
Method of Investigation
Whole-rock chemical analyses were obtained by X-ray fluorescence 
methods identical to those described in the "methods" portion of the 
petrology section for the amphibolite unit. Separate determination of 
FeO was not carried out on any of the rocks except for sample 33-VM2C 
analyzed by D. L. Wilson. The iron content of the rocks was determined
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solely by X-ray fluorescence.
Discussion
Table 20 lists whole-rock chemical analyses of samples from the 
southern metamorphic unit at Vedder Mountain. The samples are 
representative in that they include textures which range from strongly 
gneissic to directionless.
Although McMillan (1966) petrographically determined the rocks of 
the southern metamorphic unit to be diorites, comparison of the analyses 
listed in Table 20 with those of other igneous rocks indicates that they 
are gabbros (Turner and Verhoogen, 1960; Brown et 1977). All of 
the rocks have K2O values as low as or lower than Turtleback gabbros 
from Fidalgo Island (Brown et al, 1977). It is therefore suggested by 
the author that the rocks be reclassified as gabbros, and they are 
referred to as such in this study. The fact that the rocks are gabbros 
is significant because it indicates the possibility that this rock 
type may be more widespread throughout the Yellow Aster-Turtleback 
Complex than previously thought.
Figure 40 is a plot of the Vedder Mountain gabbros on an AFM 
diagram taken after Brown et ^ (1977). The diagram shows that the 
rocks lie within and along the tholeiitic fractionation trend of 
Fidalgo gabbros and California ophiolite gabbros.
Figures 41, 42 and 43 are after Miyashiro (1973a) and contain 
fields of rocks compared by Brown ^ aJL (1977). In all of the figures 
FeO, FeO^ and FeO* mean that total iron is converted to FeO.
Figure 41 is a plot of the Vedder Mountain gabbros on an Si02 
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the field of oceanic gabbro. They also plot nearer to the field of 
Fidalgo gabbros than to that of Fidalgo diorites.
Figure 42, a plot of the rocks on a Ti02 vs. FeO^/MgO diagram, 
shows that all but one of the Vedder Mountain gabbros lie within or 
near the field defined by oceanic gabbro.
Finally, Figure 43, a plot of FeO* vs. FeO*/MgO, shows that the 
Vedder Mountain gabbros follow a tholeiitic trend of fractional 
crystallization similar to that of the Fidalgo gabbros. As in the 
preceding diagrams, the rocks plot closer to the field of Fidalgo 
gabbros than to that of Fidalgo diorites.
Mineralogy and Petrography
Introduction
This section presents data dealing with the mineralogy and 
petrography of rocks from the southern metamorphic unit at Vedder 
Mountain. The data are presented in order to: 1) describe and 
compare the igneous and metamorphic phases of the rocks, 2) describe 
the degree of alteration and grade of metamorphism of the rocks and 
compare these characteristics with those of similar rocks from the 
Yellow Aster-Turtleback Complex and 3) compare the metamorphic grade 
of the rocks of the southern unit with the grade of metamorphism 
found in the amphibolites to the north.
Method of Investigation
Petrography on approximately 50 thin sections of gabbro and 
related rock types was carried out using traditional flat stage 



























































































































FIGURE 43. FeO* vs. FeO*/MgO in Vedder Mountain gabbros 
and Fidalgo Island rocks (Brown ^ aj.» 1977). 
Diagram after Miyashiro (1973a).
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mineral assemblages are listed for each rock, where applicable, in 
Appendix A. X-ray identification of epidote group minerals and 
prehnite was carried out using a General Electric Model XRD-5 
Diffractometer equipped with a copper anode tube.
Igneous Petrography
Most of the gabbros are medium-grained and show extensive alteration 
of feldspar. Near the fault which bounds the crystalline complex to 
the west (McMillan, 1966), the rocks are sheared and highly altered 
and exhibit a strong gneissic fabric. Away from this contact the 
gabbros show a weak fabric and ultimately become directionless.
In thin section, the gabbros show varying degrees of alteration 
and are characterized by the absence of orthoclase and olivine, and a 
general lack of opaque materials. Primary igneous textures are 
preserved in all of the rocks except those which are almost completely 
altered.
The following is a listing and description of the igneous minerals 
of the gabbros as seen in thin section:
Plaqioclase is everywhere saussuritized to a fine-grained, cloudy 
brown mixture of clinozoisite and/or zoisite, albite, chlorite, 
sericite and some calcite and sphene. Birefringent dirty browns 
and anomalous blues mask the original feldspar, although some 
albite twinning is still evident (Fig. 44). In some of the rocks 
it is completely replaced by clinozoisite and radial fan-shaped 
zoisite. Most grains are equidimensional-subhedral to -anhedral 
and average approximately 3 mm across. Plagioclase is present in 
all of the gabbros in amounts of 50 percent or greater.
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FIGURE 44. Saussuritized plagioclase showing relict albite
twinning and clinozoisite as an alteration product 
in Vedder Mountain metagabbro (cz = clinozoisite, 
sample 33-VM2B, X13).
no
Hornblende occurs as subhedral to anhedral stubby prisms and 
elongate cleavage sections, and also as rims and thin borders 
on clinopyroxene grains. Where the grains are aligned they 
impart a distinct foliation to the rocks. Grains display 
pleochroic greens and browns and contain colorless to pale green 
rims and intergrowths of actinolite. Hornblende occurs along 
with plagioclase as a primary constituent of all of the gabbros 
and generally occurs in excess of 35 percent. Grains average 
3 mm in length and 1 mm in width.
Quartz is present as relict undulose grains containing minute 
aligned vacuoles. It occurs as small interstitial grains and 
generally makes up no more than 5 percent of the rock.
Clinopyroxene (augite) is found in only a few of the gabbros. It 
occurs as single grains, some twinned and some showing exsolution, 
and as nuclei for hornblende. All of the grains are colorless, 
and 2V^ ranges from 45° + 10° to 60° + 10°.
Highly birefringent epidote appears in small quantities of 1 percent 
or less in some sections. Some has broken down to clinozoisite 
and hematite.
Although the rocks are distinctive in their lack of opaque 
materials, pyrite occurs sporadically as small cubes and flakes.
Gabbroic mineral assemblages listed in order of frequency of 
occurrence are: 1) plagioclase + hornblende + accessories,
2) plagioclase + hornblende + quartz + accessories and 3) plagioclase 
+ hornblende + clinopyroxene + accessories (Appendix A). The above
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assemblages show that Vedder Mountain gabbros are principally of the 
hornblende-plagioclase type. This mineralogy is common to quartz­
bearing varieties of gabbro which generally contain hornblende as a 
primary constituent and lack olivine (Moorhouse, 1959). The fact that 
most of the Cascade basement rocks are hornblendic (Misch, 1966) 
further indicates the possibility that hornblende-plagioclase gabbro 
may be more widespread throughout the Yellow Aster-Turtleback Complex 
than previously thought.
Metamorphic Petrography and Grades of Metamorphism
Gabbros of the southern unit exhibit a low-grade greenschist facies 
metamorphism which has been overprinted by a very low-grade prehnite- 
pumpellyite facies metamorphism. The following is a listing and a 
petrographic description of the minerals formed as products of the 
first metamorphism:
Albite occurs as an alteration product of plagioclase and is found 
as small patches and grains within the latter.
Chlorite occurs as sheaf-like gray birefringent masses of medium 
positive relief in altered plagioclase and as gray birefringent 
fringes next to actinolite and hornblende. Pleochroic colors 
range from colorless to pale green.
Clinozoisite is present as an alteration product of plagioclase 
(Fig. 44). It occurs as masses of radiating and subparallel 
blades and as grains containing either dirty brown cores or rims. 
It is characterized by anomalous blue interference colors, a 
high negative 2V and an R.I. n^gOf between 1.720 and 1.725.
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These R.I. values correspond to clinozoisite containing 36 to 40 
mole percent Al2peEp and having a 2V^ of 85° to 88° (Troger,
1971).
Zoisite replaces plagioclase in highly altered gabbros. It takes 
the form of radiating fan-shaped sprays which show a gray 
birefringence (Fig. 45).
Actinolite exists as minute colorless to pleochroic pale green 
needles and felted masses. They occur as rims and intergrowths 
on and within hornblende (Fig. 46) and are also scattered 
throughout the matrix of the rock.
Cal cite occurs in small amounts in some of the rocks as fine­
grained to coarse patches and blebs developed from the alteration 
of plagioclase.
Sericite occurs as a fine-grained alteration product of plagioclase. 
White mica, probably muscovite, occurs in only a few of the rocks 
as small tabular blades which show bird's-eye extinction.
Sphene exists as fine-grained pieces and patches of material from 
the alteration of plagioclase. It is also scattered throughout 
the matrix of the rock.
Small amounts of hematite occur as an alteration product of pyrite, 
and some is associated with the breakdown of iron-rich epidote.
Major effects from this first metamorphic episode are 
saussuritization of plagioclase and alteration of hornblende to 
actinolite. McMillan (1966) notes that "hornblende has withstood 
alteration fairly well although it has been bleached and chloritized."
113
I
FIGURE 45. Fan-shaped sprays of zoisite which have replaced 
plagioclase in highly altered foliated gabbro 
(z = zoisite, sample 33-VM30A, XIO).
FIGURE 46. Rims and intergrowths of actinolite replacing 
hornblende in gabbro (act = actinolite, 
hb = hornblende, sample 33-VM2B, X13).
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The bleached parts he refers to are in fact actinolite.
The assemblage found as a product of this first metamorphism 
based on minerals in mutual contact is:
actinolite + clinozoisite/zoisite + albite + chlorite
+ calcite + sericite + sphene
This assemblage typifies low-grade greenschist facies metamorphism of 
mafic rocks as described by Winkler (1974) and is indicative of the 
albite + actinolite + chlorite + zoisite/clinozoisite (epidote) zone 
(Winkler, 1974), also known as the epidote-actinolite zone (Seki et 
1969; Hashimoto, 1972). Occurrences of this zone which mark the 
beginning of greenschist facies metamorphism are numerous (Seki 
1969; Bishop, 1972; Hashimoto, 1972).
Concerning the above assemblage, Winkler (1974) notes that the 
paragenesis albite + chlorite + actinolite + epidote is diagnostic of 
low-grade rather than very low-grade metamorphism, provided epidote is 
iron-poor. In very low-grade metamorphism actinolite coexists only 
with iron-rich epidote. At lower temperatures zoisite/clinozoisite, 
in contrast to iron-rich epidote, is no longer stable, and thus 
clinozoisite or the iron-free clinozoisite component of epidote breaks 
down and forms new Ca-Al silicates such as lawsonite, laumontite, 
prehnite and pumpellyite.
In higher pressure terranes, a pumpellyite-actinolite transition 
zone is recognized between the prehnite-pumpellyite and greenschist 
facies (Coombs ^ il, 1970; Hashimoto, 1972). On the other hand, in 
regions of high thermal gradient as in the Tanzawa Mountains of Japan, 
prehnite and pumpellyite both disappear at the same point at which
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actinolite first appears (Seki et 1969).
The following is a listing and a petrographic description of the 
minerals formed as a result of the prehnite-pumpellyite facies 
metamorphism:
Prehnite occurs as elongated tabular crystals and prisms with 
quartz and some albite in veins and veinlets where the crystals have 
grown at right angles to the vein walls (Fig. 47). It also occurs 
in veins as intergrown grains which show cockscomb texture. It 
is characterized by a positive 2V of 65° + 10°, parallel extinction, 
length-fast elongation, twinning and bow-tie structure. Crystals 
and prisms exist as clear grains of high relief (Fig. 48) and 
average 1 mm in length. X-ray diffraction analysis conclusively 
identified the material as prehnite.
Pumpellyite occurs as .5 mm long slender acicular prisms and 
felted masses of fine slender needles growing at right angles to 
vein walls (Fig. 49). It is the pleochroic blue-green variety 
(Fig. 49) and shows the following absorption formula similar to 
that of pumpellyite described by Heinrich (1965), Coombs 
(1970) and Bishop (1972): o< , ^ = colorless, ^ = blue-green. 
Interference tints range from anomalous blue to purple-brown.
Quartz occurs as clear grains growing from vein walls and as 
grains interstitial to prehnite and pumpellyite. In some veins 
it exists as a center filling material while in others it 
comprises the whole vein.
Albite is generally found in the veins in small quantities and as 
lone grains mixed with quartz.
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FIGURE 47. Prehnite-quartz vein cutting gabbro (p = prehnite, 
sample 33-VM2B, X16).
FIGURE 48. Vein showing prehnite prisms as clear grains of 
high relief (p = prehnite, sample 33-VM2B, X16).
FIGURE 49. Pumpellyite showing blue-green pleochroism and 
cutting altered gabbro (pu = pumpellyitej 
sample 33-VM70A, X16).
All of these minerals occur solely as vein material crosscutting 
the primary igneous and metamorphic mineral assemblages described above.
Comparison of Metamorphic Grade
According to Misch (1966), amphibolite facies metamorphism 
predominates in the Yellow Aster Complex. However, as described 
above, rocks of the southern metagabbro complex of Vedder Mountain 
exhibit a primary low-grade greenschist facies metamorphism. Similar 
to other rocks of the Yellow Aster-Turtleback Complex, Vedder Mountain 
metagabbros exhibit a very low-grade prehnite-pumpellyite facies 
metamorphism overprinted on the primary metamorphism. Misch (1966) 
considers this subsequent metamorphism to be a product of mid- 
Cretaceous Shuksan thrusting.
McMillan (1966) has suggested that the southern metagabbros may 
have intruded the northern metamorphic unit as an igneous intrusive 
body. However, comparison of the metamorphic grade between these two 
units precludes this possibility. If the gabbros had intruded the 
amphibolites, then the latter should show the same metamorphisms or 
effects of the same metamorphisms shown by the gabbros. Nowhere is 
this found to be the case.
Conclusion
Chemical analyses of rocks from the southern metamorphic unit at 
Vedder Mountain show that the rocks are gabbros and not diorites as 
previously petrographically determined by McMillan (1966). Analyses 
plot in and near the fields defined by oceanic gabbro (Engel and 
Fisher, 1969; Miyashiro ^ ai, 1970; Thompson, 1973), California 
ophiolite gabbro (Bailey and Blake, 1974), and Fidalgo Island gabbro
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of the Turtleback Complex (Brown et 1977).
The gabbros are the hornblende-plagioclase variety, and some 
contain quartz and/or clinopyroxene. All of the rocks are altered and 
show saussuritization of plagioclase. Textures range from gneissic 
to directionless. All of the rocks show a lower greenschist facies 
metamorphism characterized by the following assemblage:
albite + clinozoisite/zoisite + actinolite + chlorite
Overprinted upon this metamorphism is a very low-grade prehnite- 
pumpellyite facies metamorphism characterized by cross-cutting quartz- 
albite-prehnite and quartz-pumpellyite veins and veinlets. Misch 
(1966) attributes this metamorphic episode to mid-Cretaceous Shuksan 
thrusting. Both of the above metamorphisms are displayed by other rocks 
of the pre-Middle Devonian Yellow Aster-Turtleback Complex.
Rocks comprising the northern metamorphic unit show a different 
grade of metamorphism than those described above for the southern unit 
metagabbros. Although McMillan (1966) has suggested that the metagabbro 
complex may have intruded the northern metamorphic unit as an igneous 
intrusive body, differences in the metamorphic grades between these 
two units preclude this possibility.
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APPENDIX A
MINERAL ASSEMBLAGES OBSERVED IN THIN SECTION
Key:
G = Gabbro
FG = Foliated Gabbro 
Am = Amphibolite 
PS = Pelitic Schist 
P = Pyroxenite 
S = Serpentinite 
R = Rodingite 
V = Vein
* = primary igneous mineral 
X = primary metamorphic mineral 
+ = secondary metamorphic mineral 




























APPENDIX A - MINERAL ASSEMBLAGES 
OBSERVED IN THIN SECTION
(all samples prefixed 33-VM)















Albite X X X X X X X X X X X X X X
Plagioclase * * * ★ * *
Quartz * * * X X X X X X X





















* * * *
X X X X X X 
+ + +














FG FG G G G FG Am Am Am Am Am Am Am Am
128
APPENDIX A (contd.)
(all samples prefixed 33-VM)




































































X X X X X X
X
X










































































UJ < CQ o Q UJ CO o00 <T> o O o O o r*CM CM CM CM CM CM CM
X X X X X X X X X
X X X X X X X X X
X X X X X X X X
X X X X X X X X X































































(all samples prefixed 33-VM)
<c CQ C_) Q ca; ca o <c CQ o Q UJ UJ <CM CM CM CM n CO CO 'S' 'S' m
CM CM CM CM CM CM CM CM CM CM CM CM CM CM
X X X X X X X X X X X X X X
X X X X X X X X X X X X X X
X X X X X X X X
X X X
X
X X X X X X X X X X X X tr X
X X X X X X X X X X X
X
X X X X X X
X X X



















X X X X X X
X X
X X X X X X X
X tr tr X




















Albite X X X X X X X X X X X
Plagioclase
Quartz X X X X
* * * * *




X X X X X X X X X
































































★ * * ★
*
★

































(all samples prefixed 33-VM)
el el eC < < <c CO c CO < CQ < < <CO tr> 00 00 (Ti (Tt o P“ CM00 CO CO CO CO 00 CO CO CO CO
X X X X X X X X
* *
X X X X X X
* * *
X X X
X tr X X X
X X X X X X X X X
XX X







tr X X X X 
X X
X X
* * * * * *
* * * * * * 
******
X X X X X
GGGSPPPP P Am Am Am Am Am
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APPENDIX A (contd.)
(all samples prefixed 33-VM)








Albite X X X X X X X X X
Plagioclase *
Quartz X X X X
Hornhlende * * * * *
Barroisite X X X X
Actinolite X X X X X X X
Chlorite X X tr X X X X X X X X X
White Mica X X X X tr
Muscovite
Paragonite
Epidote X X X X
Zoisite
Clinozoisite X X X X
Prehnite +
Pumpellyite




Rutile X X X tr X X
Sphene tr X X X * tr X
Apatite X X X X
Cal ci te X X
Sulfide * * X
Tourmaline X





Lithology Am Am Am FG G FG p p p FG S R PS Am
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APPENDIX A (contd.)
(all samples prefixed 33-VM)











m LD LD LO ID ID LD LD LD LD
Albite X X X X X X X X X X X X X X
Plagioclase
Quartz X X X X X X X X X
Hornblende X * * * * X X X
Barroisite X X X X X
Actinolite X X X X
Chlorite X tr tr tr X X X X X X X X X
White Mica X X X tr X tr tr X X X
Muscovite
Paragonite
Epidote X X X X X X
Zoisite X X X





Garnet X X X
Rutile X X X X X X X X
Sphene tr X X X X X X X X X
Apatite X X X
Cal cite tr X X







Lithology Am Am Am Am PS Am Am FG G FG G Am Am Am
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APPENDIX A (contd.)
























Albite X X X X X X X X X X X X X X
Plagioclase *
Quartz X X X X X X X X X X X X X *
Hornblende X X X X X X X X tr
Barroisite X X X
Actinolite
Chlorite X X X X X X X tr X X X X X X
White Mica tr X X X X X X X X X X tr
Muscovite
Paragonite



































































































* * * *
*
X X
6 G G P
137
